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ABSTRAC 
Maldives is a small country without any conventional energy resources and 
desperately needs alternative means to power their industry. 
The work assesses the suitability of coconut oil as an alternative diesel fuel for the 
use on the individual islands of the Maldives. 
A study was carried out to identify the availability of resources relative to the energy 
requirements of the country and coconuts became the most suitable candidate to 
produce an alternative fuel for the existing diesel engines. 
For the study on the long term effects of coconut oil and its derivatives (Methyl and 
Ethyl Esters) a single cylinder direct injection Lister-Petter engine model AD I was 
used. The engine was equipped for continous condition monitoring using a data 
acquisition system. The system measures the in-cylinder and fuel injection pressures 
relative to the crank angle. Also the cylinder and exhaust temperatures were measured 
for all the fuels. Since the viscosity of the crude coconut oil is relatively high 
compared to diesel a transesterification process was developed to reduce the viscosity 
and this gave very good results. The physical and chemical properties of the fuels 
were measured. 
The engine was initially tested using a 20h test cycle with each fuel and this was 
followed by a 200h test cycle on COIL. The engine performance was mapped in 
terms of speed, load, volumetric fuel and air flow. In addition, exhaust gas analysis 
was carried out to measure the regulated emissions. Tenax glass fibre, coconut 
charcoal filters and dinitropheny1hydrazone tubes were used to sample the 
unregulated emissions. The pressures and temperatures were continuously observed 
and recorded at intervals. The ignition delay measurements showed that COIL and 
COME had shorter ignition delay periods compared to diesel fuel. 
During the tests engine lubricating oil was checked for possible fuel dilution. After 
every 100 engine running hours, the engine was opened and physically inspected for 
wear and damage, as well as for carbon and lacquer deposits. Pictures were taken of 
the cylinder liner, piston top and cylinder head. The fuel injector was removed and 
tested on the fuel injector test rig. The results were favourable and also the scanning 
electron microscope measurements of the injector nozzle show that the deposits were 
low when compared to diesel. A novel non-intrusive combustion chamber deposit 
thickness measuring system was developed to measure the deposit thickness. 
A separate rig was built using a similar type of fuel injection system as that on the 
engine for fuel spray studies. Initially fuel spray photography was done using a high 
speed camera to determine the pattern of the spray, spray penetration rate and the 
cone angle for the three fuels. Once this was established a Malvern particle sizing 
system was used to measure the droplet sizes for all fuels. 
The results of the spray experiments helped to explain differences observed in the 
engine performance for the different fuels. All the work carried out to date supports 
the use of coconut oil as an alternative fuel for diesel engines in the Maldives. 
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PREFACE 
The rising price of oil over the last decade has created very obvious difficulties for 
all countries totally reliant on oil for their commercial energy requirements. Thus 
the uncertainties of the availability of oil due to its diminishing reserves and 
growing political pressures combine to force up the price of oil. The pressures 
placed by oil price rises on the developing countries such as Maldives have been 
particularly severe, even though their consumption is only modest compared to 
the industrialised nations. At the same time, the developing countries without 
much natural source of energy are in the weakest position with regard to their 
ability to absorb energy price rises. 
Energy consumption and economic growth are related. Industrialisation requires 
increasing amounts of flexible and highly distributed energy. This energy must be 
available in abundance and it should be cheap, both in terms of economic cost and 
also in terms of human labour to acquire it. The type of energy that can be used 
can vary greatly with the country, its economic situation and geographic location. 
This research concentrates on the possible use of coconut oil as an alternative 
energy source for the Maldives. 
xix 
Chapter One Maldives Environment & Sources ofEner 
Chapter I 
Maldives Environment & Sources of Energy 
Maldives is a very small country, without many natural resources, faced with 
energy crises due to its growth and economic development. 
1.1 Introduction 
The vast seas all around the Maldives are exploited but the region does not have 
any traditional energy resources and relies heavily on imported energy. Based on 
the geology and size of the country it is unlikely that the Maldives will have large 
resources of oil or natural gas. During the mid 70's Esso and Elf Aquitane 
surveyed the central region of the Maldives and bored trial holes and later, during 
1991, Shell of Netherlands surveyed a different area of the same region [1]. After 
the survey some specific points were tried, by drilling test holes. All trials to-date 
have come up with nil results. These results have left the country with diminishing 
hopes of finding any traditional source of fossil energy and this has led to a 
consideration of what is presently available in the environment. Alternative 
sources of energy available include the use of solar, wind, wave or tidal energy 
and the use of alternative fuels (Bio-mass fuels). 
A report published by the Maldives Electricity Board indicates that the total power 
consumption of the country is on a continuously increasing trend. The report states 
that electricity consumed during 1993 was 21% higher than the previous year [2]. 
The percentage increase in power consumption has further accelerated during the 
last couple of years, due to the intensive development of the fisheries industry and 
other minor but equally important manufacturing industries, and also the rising 
population in the urban areas. 
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Maldives economy has now become totally dependent on fossil fuel and will be in 
a very precarious situation if any shortages of these ftiels occur. 
The work in this chapter basically comprises a brief background study of 
Maldives, its land, climate and population. 
1.2 Overview of Maldives and its Recdons 
Maldives is located in the Indian Ocean across the equator and is almost 400 
kilometres away from India and Shri Lanka. The geographical location of the 
Maldives is Latitude 7' 60"N to 0' 41"S and longitude 72' 32" and 73' 45"E. The 
total land area including sea within territorial waters is 90,000 square kilometres 
P]. 
1.2.1 Topography and Physical Features 
The country consists of about 1190 islands. The sizes of the islands vary 
considerably with some as large as 5 square kilometres whilst others are as small 
as 0.2 square kilometres. The total land area of Maldives is 300 square kilometres 
[3]. 
Out of the estimated 1190 islands about two hundred islands are inhabited and are 
divided into 19 Atolls. The main naturally grown vegetation is the coconut tree. 
1.2.2 Climate 
The Maldives is in the tropical climate belt with a mean annual temperature of 281 
C. with a daytime peak of 32'C and a nighttime low of 25.5C. There is little 
seasonal variation in temperature. According to a report published by the Ministry 
of Planning, Human Resources and Environment, Maldives [2], the monthly mean 
rainfall for Male' is around 161mm with a slight variation between North and 
South through the atoll chain, with the South being wetter than the North. The 
average rainfall for the Maldives is about 1.9m per annum with an inter-annual 
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variation of ±30% [2]. The wettest months of the year are May, August- September 
and December and the driest being January to April. 
The weather is mainly dependent on the monsoon. There are two monsoon 
periods; they are the South West monsoon and the North East monsoon. The 
South West monsoon is from April to November and the North East monsoon 
from December to March. During the monsoon periods winds blow from either of 
the main directions. The maximum recorded wind velocities at Male' during 
June/July have reached 25-30m per second (50-60 knots). (Data derived from 
[1][2][4]). 
1.2.3 Land and Crops Grown 
Availability of land is quite limited as the majority of the islands are one square 
mile or less. Total land area is about 0.003% of the total area within the Exclusive 
Economic Zone of the country. Most of the islands in the atoll chain are flat and 
low lying. Soil is generally young and shallow containing mainly parent material 
which is coral, rock and sand. An estimated 80% of the land area is less than a 
metre above the sea level [4]. 
According to the reports published by the Ministry of Planning, Human Resources 
and Environment of Maldives the majority of the islands are owned by the 
government and uninhabited islands are leased by the government to individuals 
for various purposes [1]. For example, uninhabited islands are used as tourist 
resorts, agricultural leases and/or industrial islands. Due to poor soil, agricultural 
production is not high. Agricultural products accounted for 18% of the gross 
domestic product (GDP) in 1981, but this percentage has since declined. During 
the early 90's agricultural products accounted for 9% of the GDP [1]. Total 
cultivable land area is cited as 18926 hectares and this is mainly used for 
subsistence production [4]. Major crops grown on the islands are coconut, fruits, 
vegetables, tubers and coarse cereals [3]. 
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Looking into the records it is seen that coconut production declined significantly 
in the early 70's and remained almost level until the early 80's. The main reason 
for the decline in coconut production is the change in trading habits that took place 
during that period. During that time two major changes took place in the country's 
trade. 1) Introduction of tourism. 2) Introduction of mechanised fishing boats. 
This was the changeover period of the trade interests. People from the then 
established industry left to join the tourism or the fishing industry, thus leaving the 
coconut plantations which then accounted for the third major export product of the 
country. This migration adversely affected the coconut plantation. Pests and 
diseases started to spread among the coconut plantation leading to the decline of 
the coconut production. In addition to the above reasons the coconut production 
dropped due to the consequence of poor genetic stock, close planting and to the 
lack of use of fertilisers or manure [I]. 
1.3 The Regions 
The Maldives is basically divided into 3 parts with the capital island Male' as the 
centre, surrounded by the northern atolls and the southern atolls. 
1.3.1 Population Distribution 
According to the census report published by the Ministry of Planning, Human 
Resources and Environment [2], during 1994 the total population of the country 
amounted to 245,910 of whom 64000 lived on Male'. The remainder of the 
population live on other islands out of which only four islands have populations of 
more than 4000 people. Presently, the total population of nearly half of the 
inhabited islands is less then 1000 and the rest less than 500. According to the 
1990 census report the population distribution amongst the Northern and the 
Southern atolls is almost even. The annual population growth rate between the 
years 1977 to 1985 is stated as 3.2% per annum. and from 1985 to 1990 is stated 
as 3.4% per annum [1]. The projected population for the year 2000 is around 
300,000 [2]. 
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1.3.2 Housinq and Urbanisation 
The capital island of Male' is cited to be the only urban centre in the country, 
although some other islands are rapidly approaching an urbanised state. Male' 
being the centre of the economic and social development of the Maldives is faced 
with the consequences of over-crowding. Shortage of land, and excessive 
consumption of ground freshwater, has almost led to the extinction of these 
resources. Therefore, additional energy is required to produce freshwater from sea 
water. 
1.3.3 Economic Backarounds 
The Maldives economy until the 1970's was mainly based on fishing, shipping and 
cultivation of coconuts. As stated earlier the economic situation changed during 
the early 70's with the introduction of tourism. Tourism accelerated economic 
growth. The present economy is mainly based on two principal activities, they are 
capture fisheries and tourism [1]. The Maldives has a typical small island 
economy limited by natural and human resources. The country has an acute 
shortage of raw materials, and therefore, heavy import of most requirements is 
needed. Almost a sixth of these imports consists of mineral fuels, mineral oils and 
products amounting to a value of 359 million Maldivian Rufiyaa which is about 
$31 million [5]. This is the total value of the imported fuel used for marine 
(fishery industry), stationary (generator sets) and transport services including 
aviation fuels. The main export products are fish and fishery products. The major 
source of income for the islands situated away from Male' is from the fishery 
industry and the sale of agricultural products to the local traders. The average 
income for an island-based household is about 10,800 Rufiyaa ($914.00). In 1997 
the Maldives had a per capita Gross Domestic Product (GDP) of Mrf 5813.4 
($820) [6]. Fig 1.3.3a Shows the GDP in million rufiyaa at 1985 constant prices 
[I]. 
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Figure 1.3 3a GDP in million Maldivian Rufiyaa from 1982 to 1997 
(Source [2,51) 
Figure 1.3.3b GDP per Capita in Rufiyaa (Mrf) from 1982 to 1997 
(Source [2,5,6]) 
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1.3.4 Transport 
Considering the geography of the country the main mode of transport is sea 
transport. 
Traditionally, the sole mode of inter-atoll transportation was by sailing dhonis and 
over the past two decades these have been gradually replaced by mechanised crafts 
of various types. Reports from the Ministry of Planning show that in 1995 
Maldives had a total of 6615 sea-going crafts, these included yacht-dhonis, 
launches and boats, out of which 1224 were registered in Male' and were used in 
the tourist industry [5]. 
1.4 Overview of Enerav Situations in Maldives 
1.4.1 Energy Resources 
As stated earlier, surveys for fossil fuels were made but the results were not very 
encouraging, as no signs were found of significant reserves of oil or natural gas 
[1]. Traditional or renewable resources include fuelwood (firewood) and this is 
extensively used both in the Atolls and in Male' for cooking. 
Fuelwood resource, once plentiful, is being depleted and deforestation is 
becoming a serious concern throughout the country. 
Maldives, unlike many other countries, does not have any hot springs, waterfalls 
or any highlands, making it almost impossible to use any of the present day 
traditional hydro-power generators. Considering this situation it is clear that 
Maldives should endeavour to utilise what is available within its environment to 
satisfy its own energy demands. 
The energy sources are, as stated earlier, mainly renewable bio-fuels (Vegetable 
oils and Bio-gas). In addition to these, on some islands a combination of various 
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materials can be used. Method using energy from waste, particularly from 
municipal waste plants (MSW), are quite common today in areas where it is 
available. This type of power plant has an added advantage as it appears to be a 
dual purpose machine, burning waste and simultaneously producing energy. The 
remains of the coconut, the husks and shells can be used as a burning material in 
addition to other waste. The other area that has potential and requires further 
investigation is the possible use of wave and tidal power. 
It is intended to study the possibilities of attaining a combined source of power 
production unit for the small island communities. For example using bio-fuels 
instead of conventional diesel for marine engines and for shore based installations 
are studied here. Since the scope of such work is beyond the limitations of a 
thesis, the present study concentrates on the use of bio-fuels available in the 
Maldives as an alternative source of energy. 
1.4.2 Energy Consumptio 
The fuel oil consumption for electricity generation alone has dramatically 
increased from 1.82 million litres in 1981 to 8.8 million litres in 1992, and in 
1996 the amount consumed was 14.1 million litres [1][5]. The average annual 
energy consumption per capita within Maldives is about 0.25 ton oil equivalent 
(I 1.2GJ) per year, but it should be noted that there is a marked regional difference 
in both the type and the total energy used [1]. Around 80% of the electricity 
generated in the country is consumed in Male'. According to the reports published 
by the Ministry of Planning, Human Resources and Environment, total electricity 
consumption in Male' grew from around 2 million kWh in 1981 to 44 million in 
1997, of which 50% was used for residential purposes, 28% for manufacturing and 
commercial premises and 22% for government buildings and public places [2][5]. 
Surveys show that most households in Male' use kerosene for cooking and about 
20% of the houses use firewood as their main source of energy. In the rest of the 
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Maldives firewood still remains the dominant form of energy used for cooking. 
About 93% of the households in the atolls use firewood for cooking [1][2][5]. 
Table 1.4.2 Energy sources used in cooking by households [1] 
Energy Source Male' Atolls 
Firewood 1139 22453 
Kerosene 3567 1445 
Gas 470 56* 
Electricity 43* 44* 
Other 155* 24* 
Not stated 239"-- 188* 
Numbers are the number of households 
1.4.3 Rural Energy 
It is clearly seen from Table 1.4.2 that there is a marked difference in the energy 
consumption between rural and urban areas. The main form of energy used in 
rural households is firewood. In most island communities the use of modem forms 
of energy is becoming common. Most of the island communities are relatively 
small and collectively the percentage consumption of modem forms of energy is 
less then a percent. Therefore, considering the ample reserves of coconut trees 
they have in store it would be ideal for them to use coconut oil as a fuel, instead of 
being in constant fear that they might run out of their stocks of imported fuel. And 
coconut oil has the added advantage of acting as a multipurpose fuel. Using 
coconut oil for fuel does not lead to deforestation, rather it produces another 
source of fuelwood from the husks and shells. 
1.4.4. Petroleum Products 
Petroleum products make up approximately 80% of all energy consumed and 
account for about 100% of modem forms of energy (Source, derived from 
[1][2][5]). 
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Consumption of fuel for electricity generation per day for Male' is about 200 
barrels (40 tons of oil). For the rest of Maldives about 16.7 tons of oil which is 
about 83.5 barrels of fuel per day is consumed (this figure includes the airports). 
For most of the smaller islands consumption varies between 20 to 80 litres of fuel 
per day. (Source, derived from the available data [5]). 
The transport and the fishery industry consume the maximum amount of fuel. 
Together these industries consume more than three quarters of the imported fuel. 
Types of petroleum products used are petrol, liquefied petroleum gas (LPG), 
kerosene, diesel oil and aviation fuels [5]. 
1.4.4.1 Diesel Fuel Oil 
Diesel fuel oil constitutes about 60% of the total petroleum products consumed. It 
has the largest store amongst the other petroleum fuels. During the periods 1981 - 
1996 the consumption of diesel fuel has increased nearly eleven times from 1820 
m3 to 20700 m3 per year [2][5]. Diesel fuel is the main basic fuel used for 
stationary power generation in addition to marine and land transportation. 
1.4.4.2 Petrol 
The share of petrol is about 15% of the petroleum products used in the country. 
Since the start of local tourism a wide variety of leisure boats powered by petrol 
engines have come into operation leading to the rapid increase in petrol 
consumption (Source, derived from the available data [2][4][5]). Petrol is mainly 
used in the transport sector. 
1.4.4.3 Kerosene 
Kerosene is mainly used for cooking in the urban areas and for lighting in the rural 
areas. Once the rural electrification programme started during the mid 80's 
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consumption of kerosene fell in the rural areas. However, due to shortages of 
fuelwood in the urban areas the consumption of kerosene increased, thereby 
almost levelling off the import figures. Kerosene constitutes of almost 5% of the 
energy imports (Source, derived from the available data [1][5]). 
1.4.4.4 Liquefied Petroleum Gases 
LPG was introduced into the country during the 1990's for cooking and since that 
time about 50% of the residential sector use this source of energy for cooking 
[2][5]. Residential sectors include hotels and restaurants. Richer rural areas also 
use LPG as it is more economical and convenient to use than kerosene. 
1.4.5 Energy Impo 
From the locally available energy resources it is clear that for the present Maldives 
does not have any choice but to import all the required petroleum products in 
order to satisfy the energy demands of the country. In 1993 alone Maldives 
imported about 269 million Maldivian Ruflyaa (Mrf) of petroleum products 
amounting to almost a fifth of all the import commodities for that year [2][5]. 
1.4.6. Eneray and EconQmy 
The figures in Table 1.4.6 show the expenditure rate on fuels imports relative to 
the total commodity imports. It is seen that in 1995 alone Maldives spent close to 
359 million Mrf (US$31 million) on energy imports [5]. 
Table 1.4.6 Shows the total amount spent on commodity and enemrvinlDort r5l. 
Year 1993 1994 1995 
Units in (million Mrf)* Mrf Mrf Mrf 
Total commodity imports 1124 2571 3153 
Total energy imports 269 370 359 
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1.5 Backaround 
The Maldives energy demands have been completely met by diesel fuel and this 
will continue until an alternative source is found. In 1995 alone, for electricity 
generation Maldives consumed 4.5 million gallons of fuel (diesel)[5]. Maldives 
does not produce any fuel of its own, so a large sum of the country's foreign 
exchange earnings is spent on the purchase of fuel. Therefore, the Maldives should 
search for other independent possible energy alternatives. To reduce the economic 
drain in the Maldives the energy source studied here is the use of plant oils or, 
specifically, coconut oil. 
Traditionally, in Maldives there are two ways of obtaining coconut oil; - firstly 
from copra and secondly from treated young coconut kernel. Copra is the dried 
kernels of the coconut. During the period 1930 - 1960 copra was one of the few 
major export items of the Maldives. Until the 1980's this oil was used for culinary 
purposes. Today, a reducing percentage of the population uses the oil and milk of 
the coconut for cooking as it is a highly saturated fat and healthier alternative 
options are available today. Due to this reduced demand the national coconut 
production level went down rapidly during the late 70's and this trend continued 
until the late 80's [7]. Most recent data shows that from 1990 there has been a 
gradual rise in the coconut production. This slight boost is due to the 
implementation of the project 'Greener Maldives'[3 ]. 
During the 1960's 0.5 square kilometres of land produced about 350 litres of oil 
per day [8]. In the majority of Maldives the production is less then 350 litres per 
day and normally ranges between 195 to 250 litres of oil per day. This clearly 
suggest that once the people of Maldives learn to use the oil as an alternative fuel 
then there is the potential for them to increase production. It is expected that by 
training and education the production of coconut oil can be increased. However, 
additional new production, collection and more efficient processing methods have 
to be introduced to achieve these increases. During the 1970's nearly 4 billion 
coconuts, equivalent to 4 million metric tons of copra were produced in 
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approximately 70 countries [9]. Internationally the price of coconut oil varies as 
shown in Fig. 1.5 
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Figure 1.5 Average prices of coconut oil by year in US dollars per pound [19]. 
Although the international price of coconut oil is close to US$ 500 per tonne, the 
production cost on site for these oils should be less than half the price. Sapuan et al 
[10] on production of palm oil in Malaysia has stated that the production cost of 
palm oil on site is about half the value of its international market price. A similar 
situation would be the case for the Maldives. In addition, the use of coconut oil as 
a fuel would reduce the need for imports, thereby adding economic security in 
addition to the environmental benefits. 
1.5.1 Production of Coconuts 
Coconuts are obtained from coconut palm (cocas nucifera) [3]. It takes about two 
to three years for a fresh coconut tree to grow and to be mature enough to bear 
fruit. Coconut palms are highly flexible and one specific advantage is that they 
grow well in sandy coastal regions and along beaches and they do not need to be 
watered [I I]. This is an added advantage as Maldives is a country short of sweet 
water (ground water). The avoidance of irrigation reduces the cost of coconut 
production compared with vegetable oils. The other major benefit is that coconut 
palms will grow in areas where most food crops will not survive. The coconut tree 
13 
Choj2ter One Maldives Environment & Sources 12fEner 
develops from a single seed in the fibrous drupe. Normally a nut reaches full 
maturity and its maximum size in about 10 to 12 months, and each weighing up-to 
2 to 3 kg. Once the coconut tree starts to bear fruit it will carry on doing so all 
through the year [12]. The general proportions of the coconut vary but on average 
consist of husk 36%,, shell 13%, meat 29% and water 22% by weight. These 
proportions are reasonably uniform for the mature nuts of each type and can be 
used to determine the copra yield. As a whole 1000 nuts produce 225-230 kg of 
copra [8][13]. 
However, at present the productivity of the coconut is low as a consequence of 
poor genetic stock, close planting and the almost non-existent use of organic 
manure and fertilisers, and due to the damage done by the rhinocerous beetle, rats 
and other pests [3]. 
In recent years due to the environmental awareness programmes run by the 
government the people of the Maldives have been giving a very high priority to 
the rehabilitation programme of the coconut and other trees everywhere in the 
archipelago [3]. 
In general, for a plot of 0.5 square kilometres a maximum of 4 people are 
employed [8]. The main tasks are to clean the upper harvesting area and to carry 
out pest control. Also, it is their duty to identify and to collect the coconuts. 
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1.5.2 Collection and Processing 
Normally a fruit becomes a coconut once its outer husk is dry. Once dry they will 
automatically start falling from the trees. Before they fall the pluckers identify 
(from the dryness of the husk) the coconuts that require harvesting and will pluck 
them off. The coconuts with husks are collected for the husks to be removed 
(manually removed). Once the husk is removed the coconuts are sorted relative to 
size and according to the dryness of the fruit. When dry, the coconuts have the 
kernels removed. After this process the kernels are left to dry in the sun. Once dry 
the dried coconut kernel is called the "copra". Since the fresh coconut meat 
contains about 50-55% moisture it is usual to keep the cracked and water removed 
halves of the coconuts in the sun for drying. After drying for 3 to 7 days the 
partially dried meat is removed from the shell using a sharp edged, spoon-like, 
tool and is kept for further drying until the moisture level reaches 5-7%. This type 
of drying is usually done very quickly as mould and bacterial growth deteriorates 
the meat very rapidly. There are various types of drying methods used 
internationally in addition to sun-drying. They include direct drying in a kiln over 
an open fire and the indirect method where only the heat is used for the drying 
[I I]. Such artificial methods can help to reduce the moisture levels to the required 
5% in approximately 35 to 40 hours, but the quality of the copra is poorer. Good 
quality copra can be produced by drying the nuts at air temperatures of 70'C using 
hot air for the first 8 hours and then drying at 60'C until the moisture levels reach 
the required limit of 5% [13]. The dried kernel is then processed for oil by 1) 
pressing using special manual and/or hydraulic presses. 2) Extracting oil from 
scraped kernel by heating and pressing [8]. Normally 225-230 kg of copra will 
yield 94 to 97 litres of oil by this pressing process. 
An alternative way of extracting oil from copra and fresh coconuts is by 
immersing freshly pounded coconut kernel or meat pulp into boiling water. The 
oil then rises to the surface of the water and is skimmed off. The leftover pulp is 
used for livestock feed. A fine grade of oil can be obtained fairly quickly using 
this method but at a higher labour cost and with a lower yield than the hydraulic 
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press. More recent methods use closed cage expellers to express oil from ground 
copra. The added advantage of these expellers is that no press clothes (containers 
or sacks) are needed. Also preheating is not required since a considerable amount 
of heat is generated during the pressing process. There are also many other unique 
processes stated in literature [13][14][15] where special methods are designed to 
achieve certain specific objectives. They include an enzymatic process where 
carefully controlled enzyme reactions and freezing techniques are used to rupture 
the protein layer surrounding the oil globules and freeing the oil. Once this is 
accomplished the removal of the oil is done by the centrifugation process [13]. In 
the Gata process the oil is initially extracted from the nuts in the form of cream 
which is than treated to break the emulsion and the oil is recovered by centrifugal 
methods [14]. The Lava process first produces coconut milk from the finely 
ground coconut meat of the mature nuts. The milk is than acidified with 
hydrochloric acid to a pH value of 3-5.6 which is than fractionated by filtration or 
centrifugation into coco-lard fractions having a wide range of saponification 
values [15]. There are also other wet processes to extract oil from fresh coconuts 
but almost all of them are more complicated and have the technical problem of 
separating and breaking up the emulsion, and the oil is usually removed by 
centrifugal methods. The most widely used system in the Maldives, and in most 
other countries, for extracting oil is still the mechanical hydraulic press unit due 
mainly to the high yield and relative cheapness of the process. 
After the oil is extracted the remaining part called the cake is used as feed for 
livestock or as an agricultural fertiliser [8]. The remaining husks and de-kernelled 
shells are traditionally used as fuel for boiling and smoking the fish caught by the 
traditional fishermen. 
1.5.3. Fuel Productivity 
Alternative fuel systems are complex, especially when vegetable oils characterised 
as biomass fuels are involved. Biomass involves agricultural industries, and the 
subsequent industries involved in the technology for the conversion to fuel. Each 
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of these activities require energy input. Therefore the fuel oil under research has to 
be self-consistent and has to overcome the energy input value at least at national 
expenditure level. Also it should have a high fuel conversion efficiency. Coconut 
palm is considered to be one of the most prolific oil producers, yielding 
approximately 1.5 to 5 tonnes of oil/hectare/year under good conditions, and as 
much as 3.3 to 8.4 tonnes/hectare/year in the highest recorded instances [ 12]. 
The other main objective of the research is to create a fuel from a renewable 
source of energy available from the Maldives environment to replace the non- 
renewable fuels now used. (e. g., fossil fuels wholly and/or partially. ) Combining 
the yield limit of coconut palm (1.5 -5 tonnes of oil per hectare per year) and the 
energy demands of the country (20250 tons of oil per year) it is clear that there is 
enough land area (18925 hectares) to produce the required amount of oil. Taking 
this into consideration the most cost-effective and the most plentiful resource for 
an alternative biomass derived fuel for the Maldives appears to be coconut Palm. 
1.5.4. Distribution 
Considering the geographical and environmental status of the Maldives, it is 
desirable for each group of islands (Atoll) to produce its own energy to satisfy 
power requirements, rather than depending on a centralised supply system. The 
main reason for this is that cable power transmission between the separated islands 
would be an extremely expensive task. Hence, the best solution is for each island 
to continue to use its own power source run by a regionally available source of 
energy, for example coconut oil. 
Also it is good to note that at times of fuel supply disruptions, or otherwise 
coconut oil can be used as an alternative diesel fuel for power generation and 
marine propulsion. 
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Currently fuel oil is stored in mild steel tanks, and the most convenient solution to 
the problem of storing coconut oil would be to use these tanks. Additionally, it 
would be convenient to use the existing infrastructure. 
Some doubts have been expressed as to the suitability of using mild steel tanks for 
storage of oil, as at elevated temperatures (above 40'C) fatty acids react with 
many metals [ 16]. 
1.5.5. Physical and Chemical Properties of the Oil 
There are a number of plants which produce oils and hydrocarbon substances as 
part of their metabolism, and coconut palm is one of them. Likewise, after 
processing, most vegetable oils can be used alone or blended with other fuels. 
These products can be used for powering existing diesel engines, without bringing 
in any major changes to the engine design [17]. Similar research has to be done in 
order to establish the production and usage of coconut oil as a fuel. This is a 
concept that may well have significant potential in the developing countries like 
Maldives as a simple and economic way of producing liquid fuel from biomass. 
Use of coconut oil as a fuel for diesel engines is the simplest and the most readily 
applicable example in this category. Since it is a highly saturated fat and the only 
naturally available resource to produce a suitable alternative fuel for the existing 
diesel engines in the Maldives. 
Vegetable oils consist of various types of triglycerides and are presently produced 
from a wide range of plants including safflower, soya bean, sunflower, groundnut, 
oil palm, linseed, rapeseed, castor, canola, cottonseed and coconut. 
Most vegetable oils can be used directly in diesel engines, either pure or blended 
with diesel fuel. However, the long molecular chain of vegetable oils compared to 
the shorter ones of diesel gives rise to less complete combustion. In order to 
transform the long vegetable oil molecules into smaller ones, transesterification of 
19 
Chgj2ter One Maldives Environment & Sources QfEner 
vegetable oils through their catalytic reaction with ethanol and methanol is 
commonly used today [3 ]. Fig. 2.6.1. 
Coconut oil belongs to the fatty acid group and large amounts are used in both the 
paint and soap industries. 
1.5.6 Heat of Combustion 
Approximate heat of combustion of fatty acid in terms of constant volume at 15 
degrees Celsius is 39.4 kJ/g [20]. 
Heat of combustion = 47.6-(0.0042 x Iodine Value) - (0.038 x Saponification 
Value) [20]. 
The calculated value (from the above equation ) of the heat of combustion for 
coconut oil is 37.7kJ/g. 
The melting point of the oil is quite high, 20 degrees Celsius. 
Vegetable oil presently in use, when reacted with methanol in the esterification 
process, yields about I molecule of glycerine as a by-product. 
I molecule Triglyceride + 3Molecules Methanol=> 3 Molecules Methyl ester +I Molecule Glycerine [2 1 
I OOKg vegetable oil +II Kg Methanol catalys => I OOKg Methyl ester +II Kg Glycerine [2 1 
The catalyst used in this process is sodium methoxide[22]. 
The esterification process is described in greater detail in 2.8.2 
1.6 Summary 
1) The fisheries, fish villages and coconut cultivation provides the foundation for 
the Maldivian economic development. Once coconut products were a third of the 
export whereas today in 1997 they have almost disappeared from the export chart. 
2) Maldives relies on 100% imported energy, in the form of petroleum products. 
3) On the basis of geology and size of Maldives, it is very unlikely that Maldives 
possesses any resources of oil and gas. The energy policy, therefore, should be 
directed towards reducing the dependence on oil and encouraging programmes to 
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develop and diversify to provide other forms of domestic energy supplies. It is 
preferable that the alternate energy sources are renewable resources such as 
fuelwood, agricultural waste, municipal waste, bio-gas, wind, wave, tidal, solar 
and vegetable oils (coconut oil). 
4) The use of fuelwood will eventually lead to deforestation but coconut 
cultivation will not. The husks and the nut shells can be used as fuelwood, 
therefore coconut plantation by the islanders should be promoted. 
5) There are about 80 fish village islands in the country having less than 400 
houses per island. The number of people living in a house typically ranges from 5 
to 7, consisting normally of two adults and the remainder being children of 
various ages. 
6) Major crops grown on the islands are coconut, breadfruit, gourds, pumpkins 
lemons, and fruits like banana, papaya, water melon, mango etc. 
7) Mechanisation is expanding very rapidly in the pattern of power intensive 
machines especially for the fishery industry. Demand for more energy and hence 
fuels for the machines increase year by year. The nation's power needs, especially 
the fishery industry, has become completely dependent on fossil fuels and would 
become extremely vulnerable should shortages of these fuels occur. Therefore, it 
is extremely important to encourage programmes such as the use of alternative 
fuels and energy for island machinery particularly from biomass that are locally 
available. 
The demand for diesel fuel has increased nearly II times in fifteen years. Diesel is 
the dominant fuel in all economic sectors specially in the fishery industry and in 
all stationary power generation plants. This work intends to investigate the use of 
locally available oils as a substitute to diesel ftiel, namely coconut oil. 
21 
Chgj2ter Two Veg-etable Oils as Diesel Fuels 
Chapter 2 
Vegetable Oils as Diesel Fuels 
2.1 Introduction 
Dr. Rudolf Diesel Miller demonstrated a diesel cycle engine running wholly on 
groundnut oil at the Paris exposition of 1900[l]. After his demonstration his 
conclusion was that the diesel engine can be fuelled with vegetable oils and also it 
could contribute to the development of agriculture in countries where it is in use. 
His predictions are surely becoming today's reality. He also operated his engines 
on castor oil, palm oil, lard and various other types of vegetable based fuels, and 
said that the use of such oils for engine operation may seem insignificant then but 
he was sure that such oils would become, in the course of time, as important as 
petroleum and the coal tar products of his time. Dr. Diesel also emphasised that 
his engine was a proven means of breaking any fuel monopoly due to its multi- 
fuel capabilities [2]. In the intervening period various types of Bio-oils have been 
tried as substitute diesel fuels. They include sunflower, safflower, soybean, 
peanut, palm oil, linseed, rapeseed, winter rape, cottonseed, canola oil, blacksoap 
[3][4][5][6][7]. Research continues with the aim of solving the two major 
problems of production and combustion. 
In 1920, Mayne reported on the use of palm oil as a diesel engine fuel in the 
Belgian Congo. In 1931 Gautier, a Frenchman, presented his findings in the paper, 
"The Utilization of Vegetable Oil as fuel in Diesel Engines". In his paper he 
examined two types of edible oils, groundnut and butter [8]. Following that, a 
series of tests was reported in the South East Asian region. D. H. Chowbury, et al 
[9], commissioned by the Indian Government, conducted a series of tests with a 
single cylinder Lister Diesel engine using various types of vegetable oils. From his 
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tests he found that groundnut oil gave the best power output, least combustion 
chamber deposits with no observed corrosion. 
Deutz was one of the few engine manufacturers to test its engine on "natural 
fuels", and in its catalogue (D4107) of 1931 guaranteed its engines to run on 
certain tropical vegetable oils [8]. Since then in more recent years engine 
manufacturers like Mercedes-Benz have tried to run their direct injection diesel 
engines on modified vegetable oils. Their results of short term engine tests 
showed that the normal engine test parameters were similar to that of diesel, but 
were faced with the problems of early lubricating oil contamination [3]. 
In many countries vegetable oils are not a very attractive product to be used on 
engines as an alternative fuel. This is mainly because petroleum fuels are more 
convenient. However, some countries have begun to accept modified vegetable 
oils as a diesel substitute. Most researchers accept that certain vegetable oils can 
be used as a fuel for the internal combustion engine [66]. Bio-oils derived from 
plants and vegetables are the most promising candidates as alternative fuels. Bio- 
oils have the potential to keep small island communities self-sufficient [4]. 
Therefore, since coconut is a potential candidate for fuel oil in the Maldives 
environment, this work is related to the in-depth study of its ability to act as an 
alternative fuel. A great deal of research has been done on various types of bio- 
oils, [10] but much less published data is available specifically on coconut oil. 
Some initial tests done in 1991 on a boat powered with a two cylinder 22hp, 
Yanmar marine diesel engine showed that it is a good potential candidate [I I]. 
Today in some parts of Europe, rapeseed methyl ester is already a commercially 
available fuel for use in vehicles [ 12]. 
A selected alternative diesel fuel should preferably meet the following 
requirements [8]: 
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" Should be able to be used on existing diesel engines without bringing in 
costly engine modifications. 
" Should be able to be produced from a locally available source with 
sufficient supply. 
" Production, Processing and combustion of it should be environmentally 
safe. 
Energy density and fuel properties should be similar to diesel. 
It should not shorten the engine life or service periods. 
It should be readily available and be economical for the user. 
The above statements are made based on the fact that present day diesel engines 
are designed, developed and well optimised to suit various grades of petroleum 
derived fuels. When choosing a specific fuel it is essential to compare the fuel's 
properties, its basic chemistry and the fuel's behaviour with diesel in order to 
determine the suitability of a selected vegetable oil as an alternative diesel fuel. 
Therefore,, a literature survey has been done in this chapter looking into the types 
of compression ignition engines in use, and the combustion processes, including 
some of the parameters that influence the diesel cycle engines when subjected to 
various vegetable oil derived alternative fuels. The literature survey also includes 
a brief study of the fuel properties of diesel fuel and some of the vegetable oils in 
use. 
2.2 Types of Compression Ignition Combustion Systems 
There are two main types of diesel combustion chamber design. They are the 
direct-injection engines, having a single open chamber into which fuel is directly 
injected, and indirect injection engines where the chamber is divided into two 
regions, a "pre-chamber" just before the "main chamber". In indirect injection 
engines fuel is injected into the pre-chamber and combustion starts there and 
spreads into the main chamber. This latter type is only used in small diesel engines 
[13]. Though direct injection engines are always more fuel efficient, most 
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researchers agree that indirect injection engines function more satisfactorily on 
both neat vegetable oils and when mixed with diesel fuel[6][14][15]. 
2.3 Physical Properties of Diesel Enaine Fuel 
There are many physical characteristics involved with burning fuels in internal 
combustion engines. From these the most important characteristics are: 
a) Ignition quality 
b) Viscosity 
c) Heating value 
d) Pour Point/Cloud Point 
e) Volatility 
f) Flash Point 
a) Ignition Quality 
For the compression ignition engine to run smoothly it demands self-ignition of 
the fuel as it is sprayed into the combustion chamber while the piston is reaching 
the top dead centre (compression stroke). The time interval between the start of 
fuel injection and the start of fuel ignition is called the ignition delay. Long 
ignition delays lead to unacceptable rates of pressure rise causing diesel knock. 
This is mainly because too much fuel is ready to bum when combustion begins. 
Extremely short delay means burning too early and this often interferes with 
proper mixing and combustion of the bulk of the fuel spray. The most accepted 
predictor of ignition delay is the cetane number (CN). The cetane number for most 
of the satisfactory ftiels normally ranges between 40-50 [13][16][17]. For most 
vegetable oils the cetane number is slightly less or almost equal to that of diesel 
fuel. Table 2.7a shows the cetane numbers found in literature for some of the 
known vegetable oils. The cetane numbers for coconut oil and its derivatives are 
not available. Therefore, they have been experimentally determined as detailed in 
Chapter 3 (Table 3.6). 
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(b) Viscosity 
Viscosity of a fuel is a very important factor as it greatly affects the fuel spray. 
Unlike the indirect injection engines the open chamber direct injection engines 
depend heavily on the quality of fuel atomization, thus demanding high quality 
fuel sprays at the nozzle exit in order to prepare a fuel-air mixture suitable for 
combustion. Fuel viscosity can have a significant effect on the performance of an 
injection system. Improper injection leads to poor combustion. 
Low viscosity can lead to problems of insufficient lubrication causing excessive 
internal pump leakage, excessive wear of fuel pump parts (plunger and barrel), 
and hence to erratic fuel delivery and injection pump failure. 
High viscosity can introduce increased difficulty in the delivery of fuel by 
pumping or gravity. This can also increase the system pressures to unacceptable 
levels thereby affecting the injection duration and spray atornization causing 
combustion deficiencies. In viscous fuels, dirt and grit tend to remain in 
suspension longer thus leading to filtration difficulties. High viscosity is 
commonly associated with low ignition quality [18]. Most vegetable oils fall into 
the category of high viscosity, and to reduce the viscosity the oils need to be 
diluted or modified in some form. 
c) Heating Value 
The net heat energy released per unit quantity of fuel when burned at a standard 
temperature is called the heating value or the heat of combustion or the calorific 
value of the combustible. This is the theoretical maximum value of heat energy 
that enables the internal combustion engine to work. It is always better to use fuels 
with higher heating values per litre as this can reduce the quantity needed to be 
handled by the injection system. The heating value or the lower calorific value for 
a standard No. 2 diesel fuel is about 45 MJ/litre [13] while for coconut oil it is 
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about 40 MJ/Iitre [ 19]. This means more coconut oil will be needed to do the same 
amount of work. 
d) Pour Point/ Cloud Point 
These temperatures are mainly important for cold climates. A substitute diesel fuel 
should cloud and pour at temperatures well below freezing point, to be considered 
a climate unrestricted fuel. The melting point of crude coconut oil of 23'C means 
that it should be considered as a climate restricted fuel. 
e) Volatility 
Volatility is an important factor for diesel combustion although it is not as 
important as for a spark ignition fuel. Some degree of volatility is necessary to 
ensure easy starting and good fuel-air mixing in order to attain smoke-free 
combustion. Satisfactory diesel fuels normally have a boiling range of 200 to 280' 
C, while for vegetable oils the range goes well over 300 to 350'C [13][16][22]. 
0 Flash Point 
It is desirable from the safety point of view that the flash point should be as high 
as possible. The typical values for diesel fuel range from 50*C to 120'C while for 
vegetable oil fuels the values range from 240'C to 300'C, refer table 2.7a 
[16][17][22]. 
2.4 Standard Diesel Fuel Smcifications 
There are a number of standards for diesel fuel classifications. For example, the 
ASTM (The American Society of Testing Materials), B. S. standards (British), JIS 
standards (Japanese Industrial), but in this work the ASTM standard will be 
referenced unless otherwise stated. Tables 2.4.1 and 2.4.2 state the ASTM limiting 
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factors for No. 2 diesel fuel and biodiesel. Tables also include the standard ASTM 
test method for determining the related fuel property. 
Table 2.4.1 
ASTM TESTS AND LIMITS FOR NO. 2 DIESEL FUEL 
(ASTM D975) [20][81] 
Test ASTM No. Limits 
Flash Point, 'C D93 51.7'C Min. 
Distillation temperature @ 90%, *C D86 282-338'C 
Water and sediment, % by Vol. D1796 0.05%Max. 
Ash, % by weight D482 0.01% Max. 
Carbon residue, % by weight D524 0.35% Max. 
ViSCOSity' MM2 Is 3 8'C D445 1.9-4.1 
Sulphur, % by weight D129 0.5% Max. 
Copper Corrosion D130 
Cetane number D613 40 Min. 
Aromatics Volume% D1319 28-35 
Cloud Point of Max. D2500 -32*C 
* The test is done on standard immersed strips. These standard strips range trom 
la with slight tarnish to 4c with heavy tarnish. It is recommended that corrosion 
should not exceed No. 3 standard corrosion strip. 
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Table 2.4.2 
Biodiesel Specification 
For Pure (100%) Blodiesel 
as of April 1996 [69][70] 
Property ASTM 
Method 
Limits Units 
Flash Point 93 100 min. 0C 
Water & Sediment 1796 0.050 max. Vol. % 
Carbon Residue, 100% sample 4530* 0.050 max. wt % 
Sulfated Ash 874 0.020 max. wt % 
Kinematic Viscosity, 400C 445 1.9-6.0 mm 
2 /s 
Sulftir 2622 0.05 max. wt % 
Cetane Number 613 40 min. 
Cloud Point 2500 By Customer 0C 
Copper Strip Corrosion 130 No. 3 max. 
Acid Number 664 0.80 max. mg KOIFgm 
Free Glycerin GC** 0.020 max. wt % 
Total Glycerin GC** 0.240 max. wt % 
Or equivalent ASTM testing method. 
Austrian (Christiana Planc) method 
Steve Howell [69] defines biodiesel "as the mono alkyl esters of long chain fatty 
acids derived from renewable lipid feedstocks, such as vegetable oils or animal 
fats, for use in compression ignition (diesel) engines". 
2.5 Previous Works Done on Veaetable Oil as a Diesel Fuel 
Since Rudolf Diesel's demonstration of groundnut oil as a diesel fuel at the Paris 
exposition of 1900 many others have come up with various other alternatives. 
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Today there are a number of vegetable oils tried as diesel alternatives, but none 
except for a few can be classed as satisfactory. Research continues and has come 
up with various types of vegetable oils including modified and blended vegetable 
oils. 
It was reported by R. Chlid [21] that in Shri Lanka coconut oil was tried in lamps 
for lighting in place of kerosene, and the luminous intensity was almost equal to 
that of kerosene. During the early 80's Arida [22] reported the production of 
coconut methyl esters in the Philippines as shown in Fig. 2.8.2. Some of his 
samples were mixed with diesel fuel in varying proportions and were tested as fuel 
on three types of diesel engines. The short term tests did not show very much 
difference when compared to diesel ftiel. Later Mongkoltanatas [23], from 
Thailand, reported his results after operating a3 cylinder, 24 horsepower Kubota 
truck diesel engine with coconut oil blended with kerosene fuel in a ratio of 20: 1 
by volume. Tests were carried out by running the truck for a long distance and 
then opening up for inspection. The major problem appeared to be the high 
freezing point if coconut oil were used in a high proportion. 
ZieJewski [24] carried out comparative analysis tests using alkali refined 
sunflower oil blended with diesel fuel. The tests were carried out on a direct 
injection, 4 cylinder, intercooled and turbocharged Allis-Chalmers, diesel engine. 
After running the engine for 268 hours it was reported that there was excessive 
carbon build-up on the injector nozzle tips, injector needle sticking and abnormal 
lacquer and varnish build up on the third piston land. 
J. Walter [25] conducted the tractor engine endurance test program using blends of 
sunflower oil at North Dakota farms in the U. S. A. Twelve unmodified tractors 
were used each having a six cylinder in-line turbocharged diesel engine with 
direct injection combustion chambers. The tractors were subjected to a variety of 
loads at field conditions and air temperatures using various blends of sunflower oil 
with diesel fuel. After 6360 hours of running it was reported that the tractors that 
had used 50% blended fuel had added carbon deposits inside the chamber, in 
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addition to the varnish deposits on several engine components. Also from his 
studies he observed that rectangular type piston rings experience ring sticking 
problems, while engines with keystone piston rings did not experience this. 
S. C. Borgelt et al [26], reported their findings after carrying out similar types of 
tests using crude degurnmed soybean oil diesel mixtures to fuel small single 
cylinder, pre-combustion chamber, naturally aspirated, air cooled Onan diesel 
engines. The findings were similar to that of the engines powered with sunflower 
oil blends, as the amount of soyoil in the fuel increased the amount of combustion 
chamber carbon deposits and crankcase oil dilution increased. 
N. J. Barsic et al [27] studied the performance and emissions characteristics of a 
single cylinder, direct injection, naturally aspirated diesel engine operating on 
100% sunflower oil, peanut oil and 50% mixtures by volume of both with diesel 
fuel. The oils they were using were crude and not degummed. It was reported that 
the engine produced almost equal power or slight increases in power when 
operating on vegetable oils and oil - diesel mixtures. The increase in power was 
stated to be due to the higher density of the vegetable oils, which increases the fuel 
mass flow and thereby increasing the fuel energy delivery. The higher viscosity of 
the vegetable oil fuels increases the fuel flow by reducing the internal pump 
leakages. At equal energy inputs a slight decrease in engine performance was 
reported. Comparison of the performance concluded that the engine produced less 
power, had lower thermal efficiency, with slightly lower NO, and slightly 
increased carbon monoxide (CO), Hydrocarbons (HC), and particulate emissions 
in the exhaust. 
R. J. Crookes and A A. A. Nazha et al. [28] carried out engine ignition delay 
studies using vegetable oil and their emulsions with 10% of water on a single and 
a four cylinder diesel engine. The results concluded that both engines performed 
well on all the test fuels and ignition delays were of the same order. It was 
reported that the thermal efficiency was higher with vegetable oils, while the NO,, 
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concentration and smoke number were lower with the vegetable oil and lowest for 
the four cylinder engine run on vegetable oil emulsions. 
R. J. Crookes and M. A. A. Nazha et al [29] presented the behaviour of low cetane 
number bio-fuels in terms of performance and emissions. They concluded that 
neat and water emulsified vegetable oil (50% rapeseed oil + 50% soybean oil) 
exhibited similar performance and emission levels when compared to neat and 
emulsified diesel oils. They also state that emulsification tends to be effective in 
reducing the emissions of both NO,, and smoke, particularly with the vegetable 
oil. The ignition delay tests showed that under extreme conditions the emulsified 
fuels exhibited slightly longer ignition delays. Smoke agglomerates collected from 
the engine showed that the mean particle sizes tend to be higher for the vegetable 
oil fuel compared to 10% water emulsified diesel fuel. 
L. A. Perkins and C. L. Peterson et al [30] reported results of the long terrn 
durability tests of a3 cylinder, 4-stroke, DI Yanmar diesel engine. The fuels used 
in the tests were 100% methyl ester of winter rape oil, 100% No. 2 commercial 
diesel and a blend of both at 50: 50 by volume. They concluded that based upon 
the engine performance, wear (oil analysis), and injector deposits as indicators of 
engine durability, methyl esters of winter rape oil appeared to be at least 
equivalent to No. 2 diesel fuel. 
Y. Ali and M. A. Hanna [3 1] operated a Cummins N 14-4 10 diesel engine on a fuel 
blend of 80: 13: 7% (by volume) of diesel fuel: methyl tallowate: ethanol. The 
engine durability tests were done according to the standard 200 hour EMA test 
cycle. They concluded that the engine performed satisfactorily for 148 hours after 
which the injector nozzle failed. The power output, torque, brake specific fuel 
consumption, and brake specific emissions remained almost constant throughout 
the test period. Engine oil viscosity change was reported to be insignificant after 
100 hours of engine operation and engine wear metals remained well within the 
recommended limits 
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D. Pioch et al [32] used catalytically cracked tropical vegetable oils as biofuels. 
Catalytic cracking of vegetable oils helps to reduce the molecular weight thus 
making it similar to diesel fuel. Reports of engine durability tests using cracked 
vegetable oils have not been found in the open literature. 
Transesterified cottonseed oil (methyl ester) blended with diesel fuel was tested on 
a turbocharged, open chamber diesel engine [17]. The results show that the 
modified oil had viscosity characteristics reasonably close to those of some 
commercial diesel fuels. The transesterification process also raises the cetane 
number of the oil making it more comparable to the upper level of commercial 
fuels [17]. The performance and emissions with 50% cottonseed oil blended with 
50% No. 2 diesel fuel were essentially the same as with the baseline No. 2 diesel 
fuel. However, it was reported that improper vaporization of the vegetable oil part, 
during the low and high idle modes of engine operation, led to heavy carbon 
deposits inside the combustion chamber filling heavily all top piston ring 
grooves[17]. 
Research on the use of vegetable oils as an alternative fuel continues in many 
countries, such as Australia, Europe, New Zealand, and South Africa, 
U. S. A. [5] [6] [15] [22] [24] [33] [34]. Most researchers have reported one or more of 
the following difficulties, particularly when it comes to long term engine tests on 
vegetable oils. 
" Fuel filter blockage. 
" Difficulties in starting from cold. 
" Build-up of carbon inside the combustion chamber, cylinder head, 
exhaust valves, etc, and formation of varnish on combustion chamber 
surfaces. 
" Injector nozzle tip coking and eventual blocking. 
" Piston ring sticking. 
" Lubrication oil contamination. 
" increased smoke emission levels. 
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2.6 Properties of Vegetable Oils 
All vegetable oils differ in their chemical structure from petroleum based fuels. 
The petroleum based fuels are derived from crude oil containing only carbon and 
hydrogen atoms that are mainly saturated straight structures such as paraffins and 
aromatics. The unsaturated hydrocarbons leading to fuel oxidation is almost 
negligible in diesel fuel [ 13]. 
Vegetable oils are composed of a mixture of various fatty acids mainly 
triglycerides. A molecule of vegetable oil consists of approximately 95% 
triglycerides and 5% non-triglycerides [35]. Triglycerides are esters linking three 
molecules of fatty acids to one molecule of glycerol. The basic triglyceride 
molecule usually contains branched chains of different lengths and different 
degrees of saturation. The presence of oxygen in the fuel reduces the fuel's 
calorific value. 
The higher viscosity and Conradson carbon value are due to the larger molecules 
present in the fuel. The average molecular weights of these triglycerides are about 
three times heavier than those of the average No. 2 diesel ftiel. The average 
molecular weight of No. 2 diesel fuel is about 270 g/mole[36][37]. The high 
viscosity due to larger molecules in vegetable oils adversely affects the spray 
characteristics of the nozzle resulting in poor combustion and contributing to 
cylinder deposits. Excessive carbon formation in the combustion chamber, 
choking of the injectors and lubricating oil dilution are some of the problems 
associated with improper combustion. To overcome these problems the breaking 
down of the triglyceride molecules into smaller and simpler esters by a process 
called transesterification described in detail in section 2.8.2 and/ or catalytic 
cracking are practised today. 
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Figure 2.6. b The typical structure of diesel fuel ethanol and vegetable oil 
molecules[3]. 
Although the chemical formula of coconut oil is not known it is important to know 
the constituents of it. This data helps to determine the oil's capability to react with 
water and other components, in addition to determine the theoretical 
stoichiometric air to fuel ratios. The chief constituents of coconut oil are glyceride 
of lauric, capric, myristic palmitic and oleic acids. These are mainly derived from 
the coconut kernel (meat) by hydraulic press or expeller extraction followed by 
filtering. The properties include a white semi solid fat containing C12 to C18, with 
a slight odour and having a sharp melting point at 25'C (if the oil is heated to 
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25*C it turns from a solid to a liquid with no solids in it). The saponification 
number is between 250 and 264 with an iodine value of 7 to 10 [38]. 
a) Lauric acid (dodecanoic acid) CH3 (CH2), OCOOH 
This is a fatty acid especially found in coconut oil and laural oil, although it 
occurs in many vegetable fats as the glyceride is combustible. It has the following 
properties: it is colourless and has a melting point of 44*C with a boiling point of 
225'C (measured at 100mmHg); the refractive index is 1.4323 at 45'C; it is 
insoluble in water but is soluble in benzene and ether [38]. 
b) Capric acid (decanoic acid; decoic acid; decylic acid) CH3(CH2)8COOH, 
Capric acid occurs as a glyceride in natural oils and it is combustible. It forms 
white crystals, with an unpleasant odour. It is soluble in most organic solvents but 
3 it is not soluble in water. At 40'C it has a density of 0.8858 g/cm . The melting 
point is 31.5'C while the boiling point is 270'C at 30mmHg. Refractive index at 
40'C is 1.4288 [38]. 
c) Myristic acid (tetradecanoic acid) CH3(CH2)12COOH 
Myristic acid is combustible. It is an oily white crystalline solid soluble in alcohol 
and ether, and is also soluble in water. The density at 80'C is 0.8739 g/cm 3. The 
melting point is 54.4'C while the boiling point at 20mmHg is 204.3'C. Refractive 
index at 60'C is 1.4310 [38]. 
d) Palmitic acid (hexadecanoic acid: Cetylic acid) CH3(CH2)14COOH 
Palmitic acid is a saturated fatty acid. It occurs in natural fats and oils mainly in 
tall oil, coconut oil and most commercial grade stearic acid. It is combustible and 
is soluble in hot alcohol and ether, and insoluble in water. Density at 80'C is 
0.8414 g/cm 3. The melting point is 62.9'C and the boiling point is 351.5'C at 
100mmHg. The refractive index is 1.4309 at 70'C [38]. 
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e) Oliec acid (9 - Octadecanoic acid)Cl7H33CO2H 
Oliec acid is also present in coconut oil but occurs as a very minor fraction [38]. 
2.7 Fuel Properties of Vegetable Oils 
A great deal of research has been done to evaluate and to compare the fuel 
properties of various vegetable oils. One amongst them is Georing, who tested II 
types of vegetable oils that can be grown in United States [15]. Table 2.7a shows 
the results obtained by him when those oils were subjected to the standard ASTM 
tests set for diesel fuels. Similar test methods could be used for coconut oil. 
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2.7.1 Viscosity 
Viscosity is one of the most important factors of alternative fuels. Since it is the 
measure of resistance of an oil to flow, it affects the energy required to pump the 
fuel through a pipe thus affecting the processes leading to the injection, 
atomisation and finally the combustion of the fuel. In general the viscosity of plant 
oils are between 10 to 20 times higher than standard number 2 diesel fuel. The 
relative high viscosity of the vegetable oils is due to the intermolecular attraction 
between the long chain structures of the triglyceride molecules. Due to the 
adverse effects experienced by the use of high viscosity vegetable oil fuels special 
methods are adopted to lower the viscosity of the oil as detailed in section 2.8. 
A number of methods have been used to measure viscosity eg. Redwood, Saybolt, 
but the most widely accepted method today is the kinematic method. In this 
method the kinematic viscosity is determined by measuring the time for a volume 
of liquid to flow under gravity through a calibrated glass capillary viscometer as in 
(ASTM 445-96) [71]. In this method the kinematic viscosity is measured in 
2 21 
mm Is. For standard diesel the kinematic viscosity at 40'C is 3.33 mm s, whereas 
the kinematic viscosity for vegetable oils varies (refer Table 2.7a). 
2.7.2 Ignition Quality 
Most of the vegetable oils reported have a cetane rating close to or higher than the 
ASTM minimum of 40 for diesel fuels. The cetane ratings for vegetable oils 
range from 34 to 49[6]. The degrees of unsaturation and refining in addition to the 
difference in chemical structure, may be the reason for the variation in the cetane 
number. Also, it should be noted that various plant oils differ in their cetane 
number depending on their growing climate. This shows that the plant growing 
climates have an appreciable effect on the chemical composition of the oils[39]. 
The calculated cetane number found in literature varies between 39 and 44 for 
coconut oil [22] and the experimentally determined cetane number for oil used in 
this work are presented in chapter 3 Table 3.6. 
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2.7.3 Calorific Value 
The calorific value of vegetable oil is slightly lower than diesel fuel, and published 
values have been almost 88% of diesel on a mass basis. This leads to additional 
fuel consumption to maintain the same power output as obtained with diesel fuel 
[33]. 
2.7.4 Density 
The density of vegetable oil is higher than that of diesel fuel. According to ASTM 
D1298-85 density is defined as the mass of liquid per unit volume at 15'C [72]. 
Relative density (specific gravity) is the ratio of the mass of a given volume of 
fuel to mass of an equal volume of pure water at the same reference temperature 
of 15'C. Density is a ftinction of temperature and the level of impurities in the fuel 
and is generally measured using a hydrometer ASTM D1298-85 [72]. 
2.7.5 Flash Point and Fire Point 
Although the flash points of most vegetable oils are much higher than diesel fuel 
it is determined for safety in relation to storage and handling. Flash point reflects 
the involatile nature of the vegetable oils. It is generally determined by heating the 
oil to find the temperature at which the vapour just ignites but does not continue 
burning as stated in ASTM D93 [73]. The method uses Pensky-Martens Closed 
Cup Tester. Here closed denotes that the vapour and air is confined in the space 
above the liquid. The Pensky-Marten apparatus is used for liquids having flash 
points higher than 322K. The fire point is the temperature where the fuel vapour 
ignites and continues to bum. This point is typically a few degrees higher than the 
flash point. ASTM D93 can be used to determine the flash point of coconut oil. 
For example the flash point of sunflower oil is 274'C compared with 52'C for 
diesel oil [15]. This means that it is safe to handle vegetable oils using the same 
safety precautions as diesel fuel as far as flash point is concerned. 
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2.7.6 Cloud Point and Pour Poin 
The cloud point is the temperature indicating the onset of freezing of fuels. When 
an oil is cooled a haze appears indicating the onset of the formation of wax 
crystals. Once this process starts while an engine is running there will be an 
adverse effect on the fuel system resulting in clogged or blocked filters. The cloud 
point of most vegetable oils is much higher than diesel fuel thus creating 
additional problems when using those as alternative fuels. The cloud points of 
No. 2 diesel vary from -9'C to -22'C while pour points range from -23'C to - 
42'C. Method (ASTM D2500-91) can be used to determine these temperatures. 
ASTM D2500-91 uses a cooling apparatus, consisting of a jacketed jar and 
thermometers, to record the temperature at which a cloud is first observed [74]. 
Pour point is a measure of the lowest temperature at which a fuel tends to flow and 
may be measured using ASTM D97-96a [75]. The value of pour point is found by 
cooling a sample in a test tube until no movement of the oil occurs for 5 seconds 
after the tube is tilted to a horizontal position. The pour point is 5 degrees above 
the temperature to which the oil must be cooled to obtain this condition. 
2.7.7 Distillation 
Pryde [6] suggested that vegetable oils can be distilled only under reduced 
pressure. At atmospheric pressure when the oil is heated to about 300'C instead of 
volatilizing the oil starts to decompose into a series of hydrocarbons and 
carboxylic compounds. It is claimed that this type of thermal decomposition may 
be the cause of most of the carbon build-up within engines using vegetable oils. 
Distillation method ASTM D86-96 [76] may be used. In this method a 100ml 
sample is distilled under specific conditions appropriate to the nature of the fuel. 
Systematic temperature readings together with the condensate volumes are 
recorded. These data are used to calculate the test results in terms of boiling points 
(initial and final) and percent recovery[76]. 
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2.7.8 Conradson Carbon Residue (C. C. R test) 
ASTM 189-95 is used to assess the amount of carbon deposits remaining after a 
sample of fuel is evaporated under a specific condition [77]. The test is carried out 
in a covered crucible by heating a known amount of fuel (10 grams by weight) to a 
high temperature [77]. The remaining residue left in the crucible after evaporation 
is weighed and the percentage Conradson Carbon determined as the percentage of 
carbon remaining of the original weight of the sample. Typical diesel fuel 
produces figures less than 0.20% by weight, while vegetable oils show higher 
values between 0.20% - 0.30%, although they are generally within allowable 
limits [15]. The maximum specified amount of carbon is 0.35% by weight of the 
10% bottoms (residue). These values correlate with combustion chamber deposits 
in diesel engines. It is reported in literature that modified vegetable oils show 
lower percentage values. For example, esterification of vegetable oils reduces the 
values closer to diesel fuel [39]. 
2.7.9 Gum Content 
The gum content is found by evaporating a sample of fuel and weighing the 
amount of gum remaining. The standard test conditions for petroleum products 
consists of 50ml sample fuel been heated to a temperature of 160'C, while air is 
blown over the liquid in order to boost the low temperature oxidation of the fuel, 
resulting in the formation of gum. The results are then measured in milligrams per 
100ml. Due to the thermal stability of the vegetable oils only a small fraction of 
the oil can be volatilized under the conditions set for petrol. The gum content in 
diesel fuel is less than 0.2 % w/w (by weight ratio) basis compared to a typical 
gum content of rapeseed oil ( between 1-2% w/w) and for soybean oil (between 
1.5-2.5% w/w)[15][67][68]. Gum formation within diesel engines has often been 
reported after running on vegetable oil fuels. These are usually chemical gums 
formed during high temperature fuel reactions. 
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2.7.10 Sulfated Ash Content 
Sulfated ash contents in vegetable oil fuels have been reported to be lower or 
similar to those of diesel fuels [ 15]. High ash content in a fuel can cause excessive 
engine wear and lubricating problems. Maximum recommended level for No. 2 
diesel is 0.01 mass %. A suitable testing method for vegetable oils is ASTM D874 
which measures sulphated ash values less than 0.02 mass %. In this method a 
sample is burned until only ash and carbon remain. The residue is treated with 
sulphuric acid after cooling and then the sample is heated up to 775'C until the 
carbon is completely oxidised [78]. 
2.7.11 Sulphur Corrosion 
The sulphur content of a vegetable oil is known to be much less than or non 
existent compared to diesel fuel [19]. Sulphur present in fuel bums to sulphur 
dioxide and mixes with water formed in the process of combustion to form acids, 
thereby causing corrosion and lubricating oil contamination. The sulphur content 
test is generally assessed by sulphur compound corrosion activity on copper strip 
as stated in ASTM D130. The maximum limit for the copper strip corrosion test 
for biodiesel fuels, using ASTM D 13 0 is copper strip No. 3b. 
2.7.12 Turbidity 
All fuel oils, including vegetable oils, should be clear and free of turbidity (muddy 
unclear suspensions). Fuel oil should not get contaminated with water and/or 
sediment during storage so as to avoid trouble when used as a fuel. 
2.7.13 Free Fatty Acids 
With the exception of palm oil, that has a free fatty acid value between 10% to 
15%, most crude vegetable oils tend to have less than 1% free fatty acids [6][67]. 
The free fatty acids tend to cause damage to the fuel injection system. With the 
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increase in temperature inside the engine the free fatty acids react with many 
metals forming fatty acid metal salts. The introduction of these metal salts into the 
engine cylinder increases the risk of wear to the engine parts. Free fatty acids can 
be removed from vegetable oils by physical means by steam or by alkali refining, 
and/ or by neutralising with ammonia or amines to form ammonia soap [6]. 
2.7.14 Phosphorous 
According to researchers [6][67][68] phosphorous in vegetable oil contains 
phospholipids such as phosphatidyl choline, that is capable of picking up moisture 
from the atmosphere to form insoluble gums that are deposited on the walls of the 
storage tanks and lines. Combustion can release phosphoric acid that corrodes the 
combustion chamber components especially the exhaust valves and the seats. 
Phosphorous is a trace element found in most vegetable oils although the amounts 
vary with type of oil. The method used for the removal of the phosphatides from 
vegetable oils is by treatment with small amounts of water followed by 
centrifuging or by treatment with aqueous alkali followed by centrifuging. This 
latter process removes both the phosphatides and the free fatty acids. Sunflower 
oil contains up to 0.5% of the oil but soybean oil contains up to 2% [6]. ASTM 
D3231-94 is an appropriate testing method where the fuel sample is thermally 
decomposed in the presence of zinc oxide. The residue is than dissolved in 
sulphuric acid and reacted with ammonium molybdate and hydrazine sulphate. 
The absorbance of the molybdenum blue complex is proportional to the 
phosphorus concentration in the sample [79]. 
2.7.15 Iodine Number 
The degree of saturation of a vegetable oil can be determined by the level of 
iodine value found in a oil and this is determined as the number of grammes of 
Iodine (12) that reacts with 100 grams of glyceride. The higher the iodine value, 
the greater the degree of unsaturation or the number of double bonds found in the 
vegetable oil. To maintain liquidity at low temperatures unsaturation is a desirable 
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factor but once oxidative stability or polymerization is concerned it is not a very 
desirable factor [6]. 
Oxidative instability can lead to the formation of gums and sediments which may 
block the filters or can cause combustion chamber deposits and/or gumming in the 
injection system components. From literature, the iodine number is related to the 
reactivity of the oils. Quick [40] evaluated fourteen types of vegetable oils based 
on the iodine value of the oils. His findings show that from the oils tested, coconut 
oil has the least iodine number (10.4), while linseed oil has the maximum number 
(178.7). The thickening of the lubricating oil once contaminated with vegetable oil 
depends mainly on the degree of unsaturates found in the vegetable oil used. 
When the vegetable oil fuel has a higher level of unsaturates, it increases the 
tendency to thicken the lubricating oil. 
2.7.16 Wax 
The type of waxes found in vegetable oils are different from the long-chain 
paraffin waxes found in diesel oil. Vegetable waxes consist of the esters of long 
chain fatty acids and alcohols. The waxes in crude sunflower oil amount to about 
0.1% more than in most of the other commercial vegetable oils. With such 
concentrations, waxes give a turbid appearance to the oil although they gradually 
settle out at ambient temperatures. The waxes dissolve when the oil is heated. 
These waxes can be removed from the oil by cold refining or by cold washing 
with detergent. Phosphatide presence may interfere with the wax removal. If the 
waxes are present in the oil they will interfere with the filtration of the oil during 
the engine operation, thus resulting in blocking of the filters [6]. ASTM D3117 
determines the wax content of an oil qualitatively but not quantitatively. Here a 
double-walled (Dewar- Type) tube is used to cool the fuel sample while stirring 
and the temperature at which the wax first appears is recorded as the wax 
appearance point [801. 
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2.7.17 Surface Tension 
Surface tension is defined as the force exerted in the plane of the surface per unit 
length (N/m) [47]. Surface tension influences the formation of drops and globules 
on a flat surface and is also called the "wettability" measure. It is usually 
measured by means of a Du Nouy tensiometer, in which a wire ring, suspended 
from one arm of a beam, is positioned just below the liquid surface. Weights are 
placed on the pan suspended from the arm of the balance until the liquid just 
breaks free of the liquid. The ring is shaped so that the perimeter, placed 
perpendicular to its eventual direction of motion, is I cm [41 ]. 
2.8 Fuel Viscosijy Modifications 
There are generally five major methods adopted to modify vegetable oil fuels to 
reduce the fuel viscosity. 
These are 1) Blending with other mineral based fuels. (eg. diesel, kerosene 
and other volatile fuels) 
2) Esterification or alcoholisis. 
3) Refinery cracking. 
4) Addition of fuel additives. 
5) Fuel heating 
2.8.1 Blendina With Other Mineral Based Fuels 
Some of the vegetable oils, when blended in suitable proportions with petroleum 
based fuel exhibit similar characteristics to that of diesel fuel alone. Once blended 
these oils tend to remain unchanged, even when left undisturbed for long periods 
of time. The viscosity of the oil depends on the ratio of mixing. 
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From some of the published works it is known that viscosities acceptable to 
ASTM standards can be achieved only by adding relatively low concentrations of 
vegetable oil (! ý 2% vegetable oils) to the blends [23][42][34]. 
2.8.2 Transesterification or (Alcoholisis) 
This is a chemical process where the heavier molecules of the vegetable oils are 
transformed or broken down into smaller and lighter molecules similar to those of 
the diesel hydrocarbon. The conversion of an acid ester into another ester of that 
same acid is called transesterification. This process is also known as esterification 
or alcoholisis. To esterify the vegetable oil into ethyl or methyl esters, ethanol or 
methanol is added to the reaction [35]. Ethyl esters are formed in the reaction with 
ethanol+catalyst, and methyl esters when the oil undergoes the reaction with 
methanol+catalyst. The fatty acids are split from the triglyceride molecule by acid 
hydrolysis and re-esterified with alcohol leaving acid esters and glycerol. 
The process involves heating a mixture of vegetable oil together with the alcohol 
and catalyst to about 401C for a few hours. This procedure produces a fuel mixture 
of fatty acid alcohol esters with some unreacted alcohol, oil, and the by-product 
glycerol [34]. Kusy [43] suggested that it is easier to separate the methyl esters 
after settling, whereas the ethyl esters must be distilled. The base catalyst used is 
sodium hydroxide or sodium methoxide. The idea of transforming a vegetable oil 
into methyl ester has the following goals. a) Total elimination of the Glycerine. b) 
Lowering the boiling point. c) Lowering the flash point. d) Lowering the 
viscosity. The by-product glycerine can be used in the glycerol-chemistry or in the 
soap and the detergent industry. The esters normally change their boiling and flash 
points according to the molecular weight of the utilised alcohol. The viscosity 
cetane number and energy content of the resultant vegetable oil are similar to 
those of diesel fuel oil [44]. 
There are several reports on the transesterification process available in the 
literature. Summarised below are some of these (V. P. Arida et al, 1983 [22]; B. 
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Freedman et al, 1982[36]; Paul F. Kusy, 1982[43]; B. von WullerstOrff, 1992[5]) 
etc. Figure 2.8.2 shows the schematic flow diagram of the transesterification 
process of coconut oil as suggested by Arida et al [22]. 
Coconut Oil, 68 kgs. 
Methanol,, 14.96kgs 
Caustic Soda,, 0.34kg. 
Glascot6 
Reactor 
Glycerol 22 kgs. Mixed Methyl Esters 63 kg. 
Washing 
Mixed Metyl Esters Washed 
Apex Fractionation 
Plant 
Fractional Distillation 
Xs Methanol 
ý Methyl 
Coconut Diesel fuel (Residue) 
Figure 2.8.2 Outline diagram of the transesterification process plant [22]. 
Theoretically one mole of triglyceride of coconut oil produces three moles of 
esters. The overall reaction is represented as follows-, 
I molecule Triglyceride + 3molecules Methanol Catalysut 3molecules Methylester +I molecule Glycerol :p 
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It was suggested by Kusy [43] that an excess of alcohol from three to five times 
the stoichiometric amount is required to attain a maximum ester yield. The 
catalyst used in the reaction is sodium ethoxide and sodium methoxide. He also 
stated that ester yields would be reduced should any gums or free acids, water or 
phospholipids be present in the vegetable oil [43]. 
2.8.3 Refinery Cracking 
Refinery cracking is done through the thermal decomposition of vegetable oils, 
either by catalytic or non catalytic cracking process or pyrolysis 
The cracking process of vegetable oils, which reduces the molecular weight of the 
oil, gives types of by-products which are either gaseous, solid or liquid. This type 
of process is very wasteful due to the production of large amounts of gaseous and 
low molecular weight hydrocarbons. This method is generally adopted to attain 
petrol type alternatives rather than diesel [32]. In this research only diesel fuel 
alternatives are being investigated. Therefore, cracking processes will be avoided. 
2.8.4 Fuel Additives 
In order to improve the fuel properties of vegetable oils, fuel additives like anti- 
oxidants combustion efficiency and viscosity improvers such as amyl nitrate could 
be used. AN van der Walt [42] reported that fuel additive Carburol Autol 
Diesolite K resulted in a very marked decrease in coking of the injectors, but 
according to South African researchers like Bruwer [45], viscosity improvers have 
proved to be uneconomic. 
2.8.5 Fuel Heating 
To overcome the problems arising from high viscosity of vegetable oils, fuel 
heating can be used. Heating the fuel not only reduces the viscosity of the oil but 
also helps to prevent the solidification of wax that normally clogs the fuel lines 
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and fuel filters. Proper monitoring is required while heating the fuel oils, as this 
can break the fuel's film strength and can deteriorate the lubricity effect of the oil 
thus causing scoring and wear of injection pump components. 
2.9 Engine Modifications 
In addition to the option of designing a purpose-built engine there are ways of 
modifying existing IC engines to suit the alternative fuel. These generally include 
a) Fuel Heating System. b) Injection System Modifications, c) Dual fuelling, d) 
Other major engine design modifications. These methods are described below. 
a) Fuel Heating Systems 
For fuel heating, external fuel heaters can be used during engine starting from 
cold. Once the engine is running exhaust heat and/or the engine cooling medium 
can be used for fuel heating. For this, specially designed heat exchangers with 
temperature controllers required for the fuel heating can be incorporated to the 
engine cooling and/or the exhaust system. 
b) Injection System Modifications 
Minor modifications to injection systems are typically involved, like the change in 
hole diameter and hole length ratio. It is assumed that the high temperature and the 
highly elongational. flow encountered at the exit from the injection nozzle causes 
changes in the chemical structure which affect the atomization and subsequent 
ignition and combustion of the oils although a smaller hole will result in greater 
fuel atomization [46]. Also the choice of the injector nozzle in terms of its design 
could effect the deposit build-up on the nozzle tip which eventually causes nozzle 
hole blockage. It is believed that nozzle hole blocking effect is less with VCO 
(Valve Covering the Orifice) nozzles compared to nozzles having the valve sac 
volume. In the latter case the fuel in the sac volume flows out after the end of the 
main injection at a latter part of the firing stroke thus causing deposits due to 
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improper combustion. Other minor alterations can be carried out to the injection 
system, such as spill timing, valve settings and fuel pump adjustments. 
c) Dual Fuelling 
It is reported in literature [47] that engines running on vegetable oils are often 
faced with starting difficulties due to fuel pumping problems, in addition to the 
slightly low cetane number of the fuel. The starting difficulties arise mainly due to 
the fuels inherent low volatility factor, thus giving it a higher auto-ignition 
temperature especially when the engine has to start from cold. 
To avoid these initial starting difficulties dual fuelling systems can be used, where 
the engine is started, warmed up and shut down on diesel fuel. The latter process 
is applied to avoid starting difficulties for the next run. 
d) Other Major Engine Design Modifications 
Extensive engine modifications are not desirable as they include major changes of 
engine design and configurations. They normally are-- 
* Changing injection pumps and injectors. 
Increasing the compression ratio. 
Converting the combustion chamber geometry. 
Turbocharging. 
Changing the injection system to suit the more viscous fuels can enable the 
existing diesel engines to run on vegetable oils. It has been reported by some 
South African researchers that the use of modified injectors could prevent injector 
coking (e. g. Epoxy coated injector nozzle)[42]. 
Increasing the compression ratio demands additional strength, weight and 
durability of the engine as this lead to increase in maximum firing pressure. 
51 
Chqj2ter Two Vegetable Oils as Diesel Fuels 
However, this increases the thermal efficiency of the engine thereby improving the 
starting characteristics of the engine when run on 100% vegetable oil. 
Engine manufacturers and researchers agree that indirect injection engines are 
more suitable for operating on vegetable oils. Engines with pre-combustion 
chambers are more tolerant to fuels with lower cetane numbers and higher 
viscosities [3 ] [7] [42]. 
Turbocharging improves specific power leading to higher engine loads. Therefore, 
is only applicable to engines designed for turbocharging. Turbocharging helps to 
overcome poor fuel quality by effectively reducing the ignition delay [13]. 
2.10 Enaine Emissions 
The complete combustion of hydrocarbon fuel in oxygen yields carbon dioxide 
(C02) and water. Combustion in internal combustion engines is rarely complete 
because of the short duration of the cycles, and the combustion takes place in 
atmospheric air rather than pure oxygen. This in addition complicates the reaction, 
and the complex exhaust emissions that are formed contribute both directly and 
indirectly to atmospheric air pollution, both locally and globally. 
Local changes in the atmospheric composition of air can create certain health 
problems, as caused by the emissions of carbon monoxide (CO) and particulates. 
The increasing concentration of the greenhouse gases is thought to be the likely 
cause for the enhanced global warming effects leading to unpredictable 
consequences for the environment and life on earth. 
2.10.1 Nitrous Oxides NQx 
N02 (nitrogen dioxide) and NO (nitric oxide) are usually grouped together as 
NOx emissions, while nitric oxide is the main oxide of nitrogen produced inside 
the engine cylinder. The principal source of NO in engines is the oxidation of 
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atmospheric (molecular) nitrogen. Diesel fuels contain very low amounts of 
nitrogen-containing compounds in the fuel but if the diesel fuels contain 
significant amounts of such compounds the oxidation of it will be an additional 
source of NO. The results of the elemental analysis (table 3.5.5) show that the 
nitrogen content in the coconut based oils were slightly higher than commercial 
fossil diesel fuel used, but the levels were not significant. 
During engine combustion high temperature and high oxygen concentration result 
in high NO formation rate. The typical critical equivalence ratio for NO formation 
in high-temperature, high pressure burned gases of IC engines is close to 
stoichiometric and lies between 0.85 and 1.1. The formation rates are highest 
when burned gas temperatures are at a maximum from the start of combustion to 
about 20 degrees after reaching the maximum cylinder pressure. Mixtures burning 
at the early part of the combustion are the most critical since they are compressed 
to a higher temperature. As combustion proceeds the cylinder pressure increases, 
thus increasing the NO formation rate. On the other hand as the cylinder gases 
expand they mix with cooler air and the burned gas temperatures decrease and 
freeze the NO chemistry. In diesels percentage concentration of N02 was 
estimated to be varying between 10 to 30 percent of the total exhaust oxides of 
nitrogen emissions [48]. 
The mechanism for the formation of NO from atmospheric air are given below and 
these are often called the Zeldovich mechanism[49]. 
O+N2=NO+N 
N+02=NO+O 
N+OH=NO+H 
The reaction for the formation of N02 is given below[ 13 ]. 
NO + H02 --> 
N02 + OH 
(2.10.1 
(2.10.1b) 
(2.10.1 
(2.10.1 d) 
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If the N02 is not quenched through cooling, it is further converted to NO and the 
mechanism given for the conversion of this N02to NO is as shown below. 
N02 +0 -> NO + 
02 (2.10.1 
In diesels at high load with higher peak pressures and temperatures having 
increased regions within the combustion chamber close-to-stoichiometric burned 
gas, the levels of NO increase. According to [13] if the burned gas pressure and 
temperatures do not change greatly the NO emissions should remain roughly 
proportional to the mass of fuel injected. The overall emissions levels of NO, for 
diesel engines are of the order of 500 to 1000ppm [13]. 
The other minor source of NO, is from the fuel-bound nitrogen (FBN) and these 
are mainly for fuels containing more than 1% by mass chemically bound nitrogen. 
The nitrogen-containing compounds evaporate during the gasification process and 
form NO and other compounds like NH3 (ammonia), and HCN (hydrocyanic acid) 
in the gas phase [49]. 
According to the published research findings [50] NO is not an irritant but it binds 
to the Haemoglobin (Hb) in the blood. It's binding strength with the Hb is 
approximately a 1000 times greater than that for CO and about 3 times stronger 
than N02- Increasing the formation of NO-Hb in the blood (methemoglobin) leads 
to lack of oxygen in the blood and to damage of the central nervous system. On 
the other hand N02 strongly irritates the mucous membranes, is toxic to the 
bronchous and lungs, and influences the formation of methemoglobin. 
The maximum allowable concentration of NOx in working envirom-nents is 25 
ppm for NO and 5ppm for N02 [50]. 
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2.10.2 Hydrocarbons (HQ) 
All gaseous products of incomplete combustion and the vaporised portion of the 
fuel belong to the category of hydrocarbons. In typical vehicle exhausts it has been 
identified that there are almost 400 individual organic compounds [2]. 
In terms of atmospheric chemistry the role of HC's is very important. The 
formation rates of photochemical oxidants are closely related to the rate at which 
hydrocarbons are scavenged by the hydroxyl (OH) radicals. This scavenging 
produces organic peroxy radicals which in turn produce ozone and other oxidants 
through the oxidation of NO to N02- 
Diesel fuel contains the fractions of hydrocarbon compounds having higher 
molecular weights and having boiling points higher than SI engine fuels. 
Vegetable oils are considered to be oxygenated fuels and, unlike fossil diesel 
fuels, vegetable oil based fuels contain molecular oxygen in the fuel itself. 
Therefore, more oxygen is available for combustion. 
According to Heywood [13] during the diesel engine combustion process there are 
two primary paths for the unburned fuel to escape. They are when the fuel-air 
mixture is too lean to auto-ignite or to support a propagating flame or when the 
fuel-air mixture is too rich to ignite or to support the flame. The unburned fuel is 
then consumed only by the slower thermal oxidation reactions later in the 
expansion process after mixing with additional air. The remaining hydrocarbons 
are mainly due to localised flame quenching of the oxidation process due to 
incomplete mixing. 
The hydrocarbon emission levels from diesel engines vary widely depending on 
the engine operating conditions. During idle and light-load conditions the engine 
produces significantly higher hydrocarbon emissions than at full-load operation, 
but if the engine is over fuelled the HC emissions also increase substantially. This 
is mainly because during light-load condition overmixing or overleaning occurs 
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while undermixing, resulting in overrich mixtures is the cause of increased HC 
emissions during over fuelling. Combustion chamber wall temperatures affect the 
HC emissions. Wall quenching under adverse conditions can cause very high 
cyclic variability in the engine combustion process, thus leading to partial burning 
and misfiring cycles, thereby increasing the HC emissions. The HC emission rates 
for Cl engines vary between 150 to 1000 ppm depending on the engine operating 
condition [5 1 ]. The lowest rate of HC emissions occur at full load and the highest 
rate occur during acceleration and partial load conditions. 
2.10.3 Diesel Particulates 
Diesel particulates consist mainly of combustion generated carbonaceous material 
soot with absorbed organic compounds. In a diesel engine combustion 
environment the soot formation takes place at temperatures between 1000 and 
2800K and at pressures of 50 to 100 bar with sufficient air to bum fully all the fuel 
[13]. At temperatures above 500'C the individual particles remain as clusters of 
many small spherules of carbon, with very minor amounts of hydrogen and having 
individual diameters of about 15 to 30m. As the temperature starts to fall below 
500'C the individual Particles become coated with adsorbed and condensed high 
molecular weight organic compounds. These normally include unburned 
hydrocarbons and oxygenated hydrocarbons like ketones, esters, ethers, organic 
acids and poly- aromatic hydrocarbons. In addition to these, the condensed 
material could include sulphur dioxide, nitrogen dioxide and sulphuric acid 
(sulphates) depending on the fuel. 
The particles formed by the incomplete combustion of hydrocarbon fuel consist of 
hydrocarbon compounds whose atomic structures are close to polycyclic 
hydrocarbons. The toxicity of soot is caused by the existence of these polycyclic 
hydrocarbons containing strong carcinogens, for example benzo(a) pyrene. These 
particles tend to be about 8ýim in diameter and appear to be highly permeable into 
the lungs, and are thought to be a contributory cause of lung cancer [50]. 
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2.10.4 Aldehydes 
Aldehydes are by-products of incomplete combustion in engines fuelled by 
conventional fuels (gasoline, diesel) and non-conventional fuels (methanol, 
ethanol, vegetable oils, and gaseous fuels such as propane or methane). Methanol 
or methyl esters in the fuel produce formaldehyde as the primary aldehyde in the 
exhaust gases while ethyl esters or ethanol produce acetaldehyde as the primary 
aldehyde in the exhaust gases [50]. 
According to Ball et al [52] aldehydes are amongst the more reactive contributors 
to ozone formation in the atmosphere. Formaldehyde and acetaldehyde are toxic 
and possibly carcinogenic. Formaldehyde is poisonous if inhaled, ingested and on 
contact with the skin. Acetaldehyde is poisonous if ingested and is an irritant if 
inhaled and on contact with the skin. 
2.11 Combustion Chamber Deposits 
Combustion Chamber Deposits (CCD) are derived primarily from fuel and to 
some extent from lubricating oil in diesel engines [53]. As deposit thickness 
increases the surface temperature tends to increase due to the insulating properties 
of the deposits [54]. The CCD act as insulators and heat reservoirs, absorbing heat 
in one cycle and releasing to the fresh charge in the next cycle. They also absorb 
unburnt fuel and release them in the following cycle and also might promote 
unwanted chemical reactions. CCD occupy volume, increasing the compression 
ratio. The effects on heat transfer at the combustion chamber walls have been 
experimentally demonstrated by many researchers [55][56]. As the CCD develop 
the maximum as well as the average heat flux removed from the combustion 
chamber decreases,, and therefore,, heat lost to the coolant decreases. Air 
consumption rate generally reduces, thereby lowering the volumetric efficiency, 
and in addition the flame propagation rate increases [57][58]. 
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Deposit growth is a dynamic process in engines and to some extent a reversible 
process [59]. Sometimes the increase in the surface temperature leads to the 
removal of deposits. Lepperhoff et al [60] and Anderson et al [61] stated that as 
deposits are formed they are also removed through chemical mechanisms like 
oxidation and gasification also due to physical mechanisms like desorption, 
evaporation of volatile and gaseous components, mechanical removal such as 
abrasion, flaking caused by thermal stress and mechanical wash-off. Normally the 
average metal surface temperatures vary from 120'C in the cooler areas up to 
320'C on the hotter surfaces such as the exhaust valve seats. The exhaust valves 
tend to be the hottest part of the engine and can be over 800'C. Piston surface 
temperatures vary between (200*C to 3001C) depending on the position and the 
load characteristics of the engine [58]. Moore [62] used the vibration signal from 
the engine to characterise the Combustion Chamber Deposit Interference (CCDI) 
intensity and found that there was no correlation between CCDI intensity and 
CCD weight. He explained that in modem engines there are flat areas around the 
rim of the piston which cause radial gas motion known as "squish" as they 
approach the flat areas of the head during the firing stroke. The squish area (the 
flat clearances between the head and the piston) will be minimum at the top dead 
centre. The design trend by some manufacturers is to reduce these squish 
clearances to as low as 0.7 mm,, as this helps to lower the emissions. This 
minimum clearance can be eliminated by the combustion chamber deposits and 
the piston top can sometimes actually hit the head surfaces. The clattering sound 
that causes frequency changes between I kHz to 10 kHz has been described as 
"carbon rap" or "carbon knock",, "CCDI" and/ or "carbon induced noise"[62]. 
After extensive experimental studies, researchers have established that almost all 
the effect on engine performance was attributed to head deposits and piston 
deposits had very little effect [63][64]. 
It is very important to be able to determine as accurately as possible the thickness 
of the deposit layer fonned on the combustion chamber walls. When the thickness 
of the CCD layer increases, the chamber volume decreases, thereby increasing the 
compression ratio of the engine and causing excessive stress during combustion. 
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In addition to quantitatively determining the total amount of combustion chamber 
deposits the variation in deposit thickness at various parts of the chamber surfaces 
is also required. 
2.11.1 CCD Thickness Measurement Techniques 
The existing deposit thickness measurement techniques involve intrusive methods 
[65]. They are: - 
1) Single point hand held "Dualscope" manufactured by Fischer. The 
dualscope is used on the "non-magnetic substrate mode" and requires an 
initialisation measurement to be made on a clean surface to zero the system. The 
system needs to be put back to zero to avoid errors that might affect the readings 
due to the geometry of the probe, together with its electro-magnetic properties. For 
measuring, the tip of the probe is firmly pressed against the surface that needs to 
be measured and the unit gives out the reading indicating the thickness of the 
layer. 
2) Talysurf (Traversing Stylus Machine). Here the surface is profiled by 
scanning a stylus across the area that needs to be measured and this draws a height 
map of the surface. For deterinining the surface thickness the measuring surfaces 
of the samples should be scanned before and after exposure to the combustion 
chamber. 
3) The Rodenstock Optical Profiler works in a similar manner to the 
Talysurf but instead of a stylus, a light beam scans the surface. The difficulty with 
this method is that in order to get a good reflection the surface needs to be coated 
with a very thin layer of gold. Although the system uses an optical profiler to 
measure the surface thickness the main disadvantage of the method is that the 
sample surface needs to be gold coated. 
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2.12 Summary 
The literature survey revealed that the short term performance of diesel engines 
run on vegetable oils was similar, in terrns of power and efficiency, to that from 
conventional fuels. High viscosity, polymerization due to the unsaturated bonds, 
fuel injection, spray penetration, fuel atomization and carbon build-up within the 
combustion chamber are some of the characteristic problems encountered during 
the use of vegetable oils as an alternative fuel for diesel engines. 
Generally, the level of the fuel's saturation is indicated by the iodine number (the 
higher the value the greater the state of unsaturation of the fuel oil). The high 
distillation temperature of the fuel oil is considered to be the main factor 
responsible for the incomplete combustion of the vegetable oil. The high flash 
point of the oil together with the high viscosity, causes starting problems while the 
engine is cold. 
In order to avoid the high viscosity problems caused by the vegetable oil's long 
chain molecule, a chemical process called transesterification is adopted in order to 
reduce the molecular weight and size of the molecules. The monoesters formed in 
the process are lighter in weight and have low viscosities due to the removal of the 
glycerol part of the vegetable oil. 
Forming blends with other less viscous solvents, and/or petroleum based fuels are 
adopted in order to reduce the viscosity of the vegetable oil fuels. 
Tests carried out on internal combustion engines show that esters of vegetable oil 
fuels or 100% vegetable oil work better on indirect injection engines compared 
with direct injection engines, although lubricating oil contamination and excessive 
wear have been reported as the percentage blend of vegetable oil increases. 
Lubrication oil contamination is mainly due to the high unsaturation factor of the 
vegetable oils. 
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Engine exhaust emissions during the combustion of vegetable oils were less or 
equal to diesel fuel. 
2.13 Conclusion 
D- 
Renewable sources of raw materials are becoming of greater interest in order to 
fulfil the future energy demands in areas where traditional sources of raw 
materials are limited. Various types of vegetable oils are being investigated as a 
source of energy to run conventional combustion systems. Currently some of these 
oils have proven capability as replacement fuels for traditional diesel engines. It is 
reported in literature that most saturated oils function better than unsaturated oils. 
Athough coconut oil belongs to the saturated group of oils there is little published 
data related to the combustion of it. At present no reported work has been found 
which investigates the spray atomisation of coconut oil or to establish the injector 
fouling propensity of the oil. 
In addition to this, researchers have recommended that vegetable oils are most 
suitable for small fanning and island communities. Most vegetable oils are not 
suitable as a diesel fuel in cold climates due to their high viscosity and cloud 
point. However, for countries in the tropical belt such as the Maldives high 
viscosity tends not to become a major problem. Taking these factors into 
consideration it is of vital importance to carry out an in-depth study of the 
combustion characteristics of coconut oil, since it is the only renewable bio-energy 
source readily available in the Maldives. 
It has been shown that the economics of using coconut oil as an alternative fuel in 
the Maldives is beneficial in terms of balance of payment. Also the potential 
energy yield using coconut oil could provide a considerable percentage of the total 
energy requirements. In addition, there would be global environmental benefits as 
coconut oil may be considered highly renewable. Coconut oil can be considered as 
a carbon neutral fuel since theC02 emitted will be utilised during the growth of 
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the plants. Since the fuel is biodegradable any spillage of it would be less harmful 
to the environment. 
The main thrust of this research work is to determine in as technically broad terms 
as possible that coconut oil is a suitable alternate to diesel fuel for the Maldives. 
62 
ChQter Three Fuel pLQ2aration methods & results of the ý2hvsical & chemical anal ysis 
Chapter 3 
Fuel Preparation Methods and Results of the Physical and Chemical 
Analysis 
Methods used for the preparation of coconut oil based fuels and the results of the 
physical and chemical analysis are presented here. The specific coconut oil 
derived fuels that have been studied in this work are: 
1) COIL Water washed Coconut Oil. 
2) COME Coconut Oil Methyl Esters. 
3) COEE Coconut Oil Ethyl Esters. 
In addition, for comparison purposes commercial diesel fuel (No. 2 Diesel) has 
been included. 
3.1-Fuel Production 
During the fuel modifications, coconut oil was obtained by two different 
extraction methods. 1) Cold pressed coconut oil produced under the ambient 
temperatures of the Maldives and 2) Solvent extracted oil supplied commercially 
in the UK from KTC edibles. It was found that with cold pressed oil the gum 
removal was easier. 
The alternative diesel fuels were produced using the crude coconut oil as base 
fuels. The oils were washed with water to remove the heavy gums inherent to the 
base oil. The addition of water hydrates the heavy gum molecules thus helping to 
separate them from the main oil. In this way a major part of the gums, causing 
combustion chamber deposits, are removed. In the case of solvent extracted oils, 
gum removal is more difficult by the simple means of agitating with water. Here 
an acid (phosphorus and/or citric) needs to be added to break down the emulsion. 
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A very weak phosphoric acid was used in the process. Since mechanically 
expressed oil has the added advantage of the simple degumming process, in this 
study only this type of oil was used. A transesterification process was used for the 
formulation of coconut oil methyl esters and coconut oil ethyl esters. For these 
processes mechanically pressed (cold pressed) coconut oil was used. 
3.2 Production of COIL 
Figure 3.2 shows the outline diagram of the method used for the production of 
COIL. As shown in the diagram, cold pressed oil was mixed with 2.0% volume of 
water at 30'C and then agitated (stirred) for 15 minutes. The mixtures were left to 
settle for 24 hours before the upper portion of the oil was removed. The hydrated 
gums settled to the bottom of the tank and were drained off. The soluble gums 
form a milky white liquid of moderate density and create a separation layer 
between the oil and the water. It was noticed that a fairly uniform amount of gum 
was formed depending on the relative mixtures. This enabled a definite point of 
extraction from the settling tank to be determined. In every case, since the 
volumes required were relatively small, the fuel was produced in small batches of 
5 litres. 
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Cold Pressed Coconut 
Oil 
........... 
Dilute Acid 
............................. + 
Heating 
......................... 
Oil +Water + Agitation 
(Mixing + Settling) 
.............. 
............................. Alkali 
.............. 
Oil + Water 
Vacuum Vapour 
Separation of water or 
Oil 
Sediments 
(Gum + Water) 
Evaporation of water by I 
heating 
I 
Oil Filtration 
(5ýtm Filters) 
I Storage Tank I 
Figure 3.2 Outline diagram of the method applied for the production of COIL. 
<- ---- Method for maximum degumming. 
65 
Fuel preparation methods & results of the physical & chemical analysis 
3.3 Transesterification of Oils 
Basic Chemistry: - 
Esterification 
When an acid reacts with an alcohol an ester is formed with the elimination of 
water. 
RCOOH + W'OH = RCOOW'+ H20 
Carboxylic acid + Alcohol = Ester + Water 
eg. Ethanol + Acetic Acid = Ethyl acetate + Water 
Transesterification 
One alcohol is capable of displacing another alcohol from an ester. This is an 
equilibrium reaction and is assisted by the presence of a catalyst and an excess of 
the alcohol or by continually removing the water product [I]. 
R3COOR2+ R, OH ==== R3COORI + R20H 
------------------------------------------------------------------------------------------------- 
Coconut Oil 
Like all animal and vegetable oils, coconut oil consists of a mixture of esters 
derived from the alcohol glycerol and hence are known as glycerides or triesters . 
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CH20H 
I 
glycerol CH OH 
ýH20H 
CH2 -- 0 -- C -- 
0 
ACID CH--O--C--R2 
0 
CH2 --O--C--R3 
0 
The reaction taking place during the process of forming methyl esters is as follows: 
CH2 -- 0 -- C-- R, 
0 
CH--O--C--R2 
0 
CH2 -- 0 -- C-- Rý-, 
0 
A triglyceride 
3.4 Production of COME 
methanol 
CH20H R, COOCH3 
CHOH + R2COOCH3 
CH20H R3 COOCH3 
glycerol mixture of 
methyl esters 
COME was produced using the transesterification process from coconut oil by the 
basic reaction of adding three moles of methanol to every mole of coconut oil. The 
catalyst used in the reaction was sodium methoxide. In the process three moles of 
methyl ester fuel and one mole of glycerol were obtained. Excess methanol was 
recovered and esters were neutralised and washed. Figure 3.4.1 shows the outline 
diagram of the transesterification process used to produce COME. 
CH30H 
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recovered and esters were neutralised and washed. Figure 3.4.1 shows the outline 
diagram of the transesterification process used to produce COME. 
Basic reaction: - 
Coconut oil + methanol catalyst 
Stoichiometric ratio: - 
I mole 3 mole 
methyl ester fuel + glycerol + methanol 
3 mole I mole Xs 
Volumes used 
2300ml 1380ml 2300-2490ml approx. 250ml R. Xs 
Catalyst used in the reaction was sodium methoxide, 0.5% of oil weight. 
3.4.1 Procedure 
The mixing and the basic reaction was carried out in a5 litre three neck round 
bottom flask placed on a temperature controlled electric heating mantle. First the 
catalyst was dissolved in approximately 50ml of methanol. The remaining 
methanol (1330ml), together with the coconut oil and the dissolved catalyst, were 
placed in the flask. The whole mixture was than refluxed for 90 minutes at 60 - 
70'C and the distillate re-routed to a side condenser and the remaining methanol 
recovered (through the condensation process). On cooling, the remaining mixture 
was transferred to a separating funnel and left to stand until the glycerol separated 
in the bottom layer, leaving the top layer of mono esters. 
The alkaline ester product was than neutralised from pH 10 to pH 5-6 by the 
dropwise addition of 50% sulphuric acid. A white precipitate was formed and 
drained off. The product was than washed with excess distilled water and the 
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bottom layer of water drained off. This washing was repeated three times in order 
to remove any remaining glycerol, sodium salt, gums, and other impurities. 
The product was found to form a stubbornly stable emulsion, and the most 
effective way of breaking this emulsion down was found to be subjecting it to 
vacuum rotary distillation at 50'C. In addition to breaking down the emulsion this 
process also removed the residual water and methanol. 
From the final amounts of the product obtained from the reaction it was deduced 
that the process provided a high yield. The product was a transparent pale yellow 
fluid of medium viscosity. 
The esters were produced in 2 to 5 litre batches, and a small amount was used for 
gas chromatographic analysis on a Pye Unicam 304 Gas Chromatograph having a 
capillary column wall coated with fused silica model CP-SIL5. The system was 
operated under the following conditions. 
Injection sample size 
Carrier gas 
0.5ýtl 
Helium at 30ml/min 
Column starting temperature 170'C 
System was temperature programmed to Initial time 10 minutes 
Rate 15'C/min. 
Upper Temperature 250'C/min. 
Upper Time 10 mins 
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Refluxing of 
Coconut oil 
Methanol 
catalyst 
(Sodium Methoxide) 
Settling tank for the 
Methyl Esters + Glycerol 
IFIF 
Glycerol pH neutralization from 
10 to 5-6. Addition of 
50% H2SO4* 
Draining the precipitate. 
Washing with excess 
distilled water. 
Removal of remaining 
Glycerol 
Sodium Salts, Gums and 
other imPurities 
Excess Methanol 
Recovered 
Glycerol 
+Sodium Salts + 
Gums, other 
impurities and 
water 
Coconut Oil Methyl 
Esters 
(COME) 
Vacuum Rotary 
Distillation at 
50'C 
Crude Methyl 
Excess Methanol 
Water 
Figure 3.4.1 Outline diagram of the adapted transesterification process for COME. 
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3.4.2 Production of COEE 
COEE coconut oil ethyl esters were formed in a similar manner to that of COME, 
the difference being that the catalyst and alcohol used in the transesterfication 
process were different. In this reaction instead of methanol, ethanol was used and 
as a catalyst sodium ethoxide was used. 
For each run the following quantities were used. 
Coconut oil 2.5 litres 
Ethanol 1.5 litres 
Catalyst 12.5grn equivalent of 0.5% of oil 
weight. 
The product was refluxed and cooled, separated from glycerine, neutralised and 
washed in the same way as for COME in 3.4.1 The yield was slightly lower for 
COEE compared to COME at 92%. 
3.5. Determination of Physical and Chemical Properties of Fuel 
All fuels were tested for the levels of phosphorus, sulphur and the elemental 
compositions for carbon, hydrogen, nitrogen and oxygen in the fuel. In addition to 
chemical analysis of the fuels, thermal tests were carried out for all the fuels. 
These included Thermogravimetric Analysis (TGA), Differential Scanning 
Calorimetry (DSC) and liquid-gas chromatography of the fuels. The TGA and 
DSC analysis were done using a NETZSCH Simultaneous Thermal Analyser STA 
409. The system was temperature programmed to heat up to 1500'C at a rate of 
I O'C per minute. The system simultaneously determines the TGA and DSC of the 
fuel. TGA measures the change in weight of the sample relative to temperature, 
thereby allowing the rate of weight loss with temperature to be determined. DSC 
measures the enthalpy or the energy changes that result in the sample. Gas 
Chromatography maps the types of component parts of the fuel. The mapping was 
done by comparing the readings with the available standards. These standards help 
to determine the exact constituents and also help to carry out a quantitative 
analysis of the fuel. Further fuel tests including combustion and emission analysis 
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were carried out on the engine. These will be discussed with the remainder of the 
engine test details. 
3.5.1 Density 
Figure 3.5.1 shows the densities of COIL, COME, COEE and Diesel fuel at 
different temperatures. The densities were measured using a specific gravity bottle 
over a range of temperatures. It is seen from the graph that the density of crude 
coconut oil is much higher than diesel fuel. 
The density of coconut oil is very much higher than diesel fuel due to the larger 
molecular weight structures of fatty acids. Once these have been modified through 
the esterification process the density of the ester fuel is reduced by almost half the 
difference. It is seen from the figures that the densities of all three ftiels reduce 
with increasing temperature; approximately by about 0.003g/cm 3 per I O'C. The 
variation of a (diesel) fuel density with temperature can be found from [2]. 
-4 P=po - 10 (18 - 13 po) (t - to) (3.5.1 a) 
Where po is density at normal temperature (to) and p is density at temperature (t). 
The values determined from the above equation (3.5.1 a) correlate well with the 
experimentally determined values presented in Figure 3.5.1. 
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3.5.2 Yjaggft 
The viscosity of the liquid fuels COIL, COME, and diesel were experimentally 
determined using an Ostwald Viscometer. Dynamic viscosity is a function of the 
internal frictional force exerted by a flowing fluid and may be found using: 
F= ý6&/Ax 
where F- frictional force; 
ýt - dynamic viscosity (N. S/M 
2). 
S- surface area (m 
2 ). 
Ac/Ax - velocity gradient (m/s). 
(3.5.2a) 
The relation between dynamic viscosity and density (p) and kinematic viscosity 
(v) is stated below. 
ýt/p 
where ýt = dynamic viscosity (N. s/m 2) and p= density of the fuel (kg /M 3) 
(3.5.2b) 
Viscosities at different temperatures as shown in Figure 3.5.2 were measured 
using a thermostatically controlled water bath. For each temperature the dynamic 
viscosity is a function of the measured flow time and the calibration factor (a 
constant) of the viscometer. The change in viscosity vt relative to temperature can 
be determined empirically as stated below [3]. 
where vo - viscosity at t= 20'C and t= temperature. 
vt -= vo + (l. 1 vo - 0.3) (1.3 - logt) (3.5.2c) 
The relation between the change in viscosity relative to the change in pressure is 
determined from the equation below [3]. 
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vp/vo =e 
10bp (3.5.2d) 
Where b=1.4 x 10-3 + 1.56 x 10-6 Vo (for the diesel fuel), p is the pressure in 
Pascals and vp is the kinematic viscosity at pressure p [3]. 
The Figure 3.5.2 shows the experimentally determined values of dynamic 
viscosity against temperature for the test fuels. The viscosity of COIL is 5 times 
higher at an ambient temperature of 30'C whereas ester fuels are very similar to 
the datum diesel fuel. Although the viscosity decreases with increasing 
temperature, at 50'C the viscosity of COIL still remains higher than the ASTM 
recommended limits for diesel fuel at 40'C. The most significant objection to the 
use of COIL as diesel fuel is clearly the high viscosity. Too high or too low 
viscosity leads to fuel handling problems by the fuel pump. In addition, fuel 
viscosity plays an important role in fuel atomisation and, therefore, the quality of 
combustion in internal combustion engines. It is believed that the main reason for 
the high viscosity of COIL is due to a higher magnitude of large molecular weight 
triglycerides present in the crude coconut oil. 
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3.5.3 Surface Tension 
Surface tension was measured by using a ring type surface tension meter model 
DB2KS manufactured by White Electrical Instruments Company Limited [4]. 
Changes in temperature affects the surface tension. In general the increase in 
temperature decreases the surface tension. The experimentally determined values 
for surface tensions of COIL, COME, COEE and diesel are given below in Table 
3.5.3. To fulfil the fuel atornisation criteria's set for diesel fuel injection system 
(Chapter 6) it is necessary that surface tension values for alternative fuels to 
remain similar to diesel. A major increase or decrease in surface tension would 
adversely effect fuel atornisation. 
Table 3.5.3 The experimentally determined values for surface tensions 
Fuels tested @ 30'C COIL COME COEE Diesel 
Surface Tension (N/m) 0.0314 0.0231 0.0246 0.030 
3.5.4 Lubricity Tes 
Lubricity tests for the fuels were carried out in order to detennine the fuel's ability 
to lubricate the component parts of the fuel injection system. The fuel acts as a 
lubricant for the moving parts of the fuel injection pump and injector, therefore, it 
is very important to determine the lubricity of the diesel engine fuels. Lubricity is 
defined by K. Mitchell [5] as "The ability of a fuel to prevent or minimise wear in 
diesel fuel injection equipment". The tests were conducted at an external 
laboratory and the method used was High Frequency Reciprocating Rig Test 
(HFRR). The machine uses an electromagnetic vibrator to oscillate a moving 
specimen over a small amplitude whilst pressing against a fixed specimen. The 
lower fixed specimen is held in a small bath containing the test fuel. The bath is 
temperature controlled. The wear scar formed is measured and is used to assess 
the lubricity property of the ftiel. The frictional force transmitted between the two 
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specimens is a so measured and the test time lasts for 75 minutes. The results of 
the tests are presented in Table 3.5.4 and measure the wear scar diameter. The 
maximum wear scar limit for the test is 460 ýtm. The smaller the wear scar the 
more lubricity the fuel provides. Therefore, the results presented in Table 3.5.4 
indicate that the test fuels are safe in terms of lubricity for use in diesel injection 
systems. 
Table 3.5.4 Results of the lubricity test for COIL and COME 
Fuels tested Wear Scar Diameter (pm) 
COIL 201 
COME 206 
3.5.5 Elemental Composition of Fuels COIL, COME, COEE and Diesel 
These tests were carried out to determine the elemental composition of the fuels 
and these were used primarily to determine the air /fuel ratios of the fuels. These 
tests determine the amount of nitrogen in the sample and as the gum compound 
phosphotidyl choline contains basic nitrogen, the test was used to determine the 
amount of gum remaining in the clegurnmed oils. 
Table 3.5.5 Elemental composition by percentage weight of COIL, COME, 
COEE and Diesel fuel. 
Elements (%) COIL COME COEE Diesel 
CARBON 72.26 73.02 72.93 86.37 
HYDROGEN 11.34 12.45 12.32 12.77 
OXYGEN 16.18 14.30 14.53 0.5 
SULPHUR - - - 0.2 
NITROGEN 0.2 0.2 0.2 0.14 
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3.6 Additional Significant Physical and Chemical Parameters 
These include determination of cetane number, Conradson carbon residue (CCR) 
on 10% bottoms test, phosphorous test, acid value, free fatty acid and calorific 
value of the fuels. 
3.6.1 Cetane Number 
Cetane number is one of the main factors that significantly affects the combustion 
characteristics of a fuel [6]. Cetane number provides a measure of the ignition 
quality of a fuel and is dependent on a number of factors, such as molecular 
weight, structure, and volatility. The cetane number of fatty esters, esters having 
carbon chain lengths greater than 10, tends to increase with increasing carbon 
chain lengths but, on the other hand, decreases as the number of double bonds 
increases [7]. Studies have shown that with saturated esters as the carbon length of 
the fuel increases, for example fromC12 to C20, the cetane number increases. 
While for saturated triglycerides with increasing carbon numbersfrOM C12 to C18 
the cetane number decreases [8]. Knothe et al [6] found that the cetane number 
increase with the size of the ester groups in the chain and with increasing 
saturation. Also, the cetane number increases with the number of CH2 groups in 
the chain, and it appears not to matter whether the CH2groups are in the fatty acid 
chain or in the ester group [6]. The cetane scale differentiates the unbranched 
cetane and branched heptamethy1nonane reference compounds and shows that 
branching decreases the cetane number. 
Hexadecane and heptamethylnonane (HMN) were used in the cetane rating test as 
cetane reference materials,, having cetane values of 100 and 15 respectively [9]. 
The blending ratio of hexadecane and HMN allows the determination of the 
corresponding cetane numbers of the mixtures. With an increasing cetane number 
the affinity for the fuel to auto-ignite increases. The ignition process in 
compression ignition engines depends solely on auto-ignition. Therefore a high 
cetane number fuel can start the combustion much earlier, thus reducing the 
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ignition delay times, and allowing a more complete combustion of fuel. In ASTM 
method D613-86 the cetane number of a diesel fuel is determined by comparing 
the ignition quality with those for blends of reference fuels of known cetane 
numbers under standard operating conditions [ 12]. This is done by varying the 
compression ratio for the sample and each reference fuel to obtain a fixed delay 
period which is the time interval between the start of in ection and ignition. This i 
way the compression ratio for the sample is bracketed by not more than five 
cetane numbers, and the cetane ratings are calculated by interpolation [12]. 
Table 3.6 Fuel properties 
Properties COIL COME COEE Diesel 
Density (g/cm') 0.91 0.877 0.869 0.845 
Dynamic viscosity at 3 O'C (x 10-' Nsm-') 26 4.7 4.6 3.7 
Calorific Value (MJ/kg) (Gross) 39 41.18 41.18 43.6 
Cetane number 51.7 56.2 50 
3.6.2 Phosphorus Test 
The phosphorus test can be indirectly used to determine the gum content of 
coconut oil and its esters. As explained in chapter 2 (section 2.7.14) phosphorus 
containing in oil as phosphatidyl choline helps to form the insoluble gums found 
in the oil. The levels of phosphorus in the oil were determined by an external 
laboratory from the samples supplied. The method used was ASTM D323 1. The 
phosphorus content in COIL was detennined to be 9 ppm while for COME it was 
found to be less than 5 ppm. 
3.6.3 Acid Value 
The acid value or acid number for a fatty acid is defined as the milligrams of 
potassium hydroxide required for the neutralisation of the free carboxyl groups in 
I gram of the sample [ 10]. The acid value of crude coconut oil is 0.0 1[II]. 
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3.6.4 Frep FaW Acid 
"Free Fatty Acid" is used in the fatty acid industry to represent the free acidity of 
all fatty acids expressed as percent oleic acid. Numerically, free fatty acid (FFA) is 
about one-half (0.504) of acid value when it is expressed in terms of percent oleic 
acid [10]. It is important that this value remains low, as these react with metals. 
3.6.5 Calorific Value 
As seen from fuel properties in Table 3.6 the lower calorific values measured 
(using the bomb calorimeter) for coconut oil and the esters are slightly lower than 
diesel. 
To compensate for the lower calorific value of coconut oil additional fuel can be 
delivered by adjusting the fuel pump delivery to achieve the same power. 
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Chapter 4 
Fuel Spray Characteristics 
Spray characteristics, spray droplet size measurements and combustion 
parameters. 
4.1 Coconut Oil as a Diesel Fuel Substitute 
Researchers agree that when using plant fuels, optimisation should not be aimed at 
maximising torque and power, but should be towards minimising the life reducing 
effects such as carbon and lacquer formations [1]. Although extensive work has 
been done to develop an alternative fuel for diesel engines using certain types of 
vegetable oils, there is still lot of work to be done to overcome the problems faced 
during the combustion of some other fuels. 
It appears appropriate, therefore, that efforts to improve operations of a diesel 
engine with an alternative fuel should include investigations into the interactions 
of this fuel with the injection system, and attempt to investigate any ill-effects of 
interactions. No published data on the basic spray and combustion characteristics 
of coconut oil has been found. 
Good combustion needs adequate fuel atomisation and a correct distribution of the 
spray droplets in the combustion chamber. Therefore, it is important to understand 
the spray characteristics, and to assess the effects on the injection parameters and 
combustion. Diesel fuel spray has unsteady and strongly turbulent features, which 
leads to an appreciable range of fuel droplet diameters. In the diesel combustion 
chamber, the atomisation of injected fuel does not appear as an instantaneous 
phenomenon. The first break-up phase takes place during the injection period 
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during the needle opening and closing periods (this is mainly related to the spray 
circumference, with the core still remaining in a very dense state) [2][3]. 
4.2 Effect of Fuel Properties on Fuel Spray Behaviour & Combustion 
Fuel properties of most plant and vegetable oils differ from typical diesel fuel [1]. 
Specifically in the case of coconut oil the molecular structure and molecular 
weight differ from typical diesel fuel. The density and viscosity of crude coconut 
oil at ambient temperatures below 23'C make it difficult to be used without any 
physical or chemical modifications. 
Plant oils are composed primarily of triglycerides consisting of three fatty acid 
chains esterified to a glycerol group. The chemical structure of a typical vegetable 
oil molecule is shown in Figure 2.6. b. The plant type and growth conditions vary 
the types of fatty acids contained in the plant oil. The number of olefinic double 
bonds or the degree of unsaturation determines the oxidation stability and the 
melting temperature of the oils [4]. Highly saturated oils like coconut oil tend to 
be solid at room temperatures below 23'C, and are unsuitable for engine fuel 
purposes below the solidifying temperatures unless some form of fuel preheating 
is provided. 
The olefinic nature of vegetable oils plays a role in the thermal and oxidative 
polymerization reactions leading to carbon residue formation [5]. Therefore, in 
addition to standard testing procedures, it is important to evaluate the effects of the 
external heating effects of the oil on the injection system as a whole. For example, 
literature reports the problems related to injector nozzle sticking when IC engines 
are subjected to the combustion of vegetable oil fuels [5][6]. The hydrocarbon 
composition of coconut oil is given in appendix A. 
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4.3 
Fuel spray studies for the four fuels were carried out using a motored spray unit. 
The spray patterns were photographed using a NAC high speed video camera, 
(model HSV-400, manufactured by NAC Incorporated Tokyo) with a film speed 
of 200 frames per second. For lighting purposes 0.8kW studio lights were used 
and the camera was fixed at a distance of 1350 mm away from the injector for all 
the fuels. Before each spray the system was drained off, cleaned and flushed with 
the next fuel oil to be sprayed. Each fuel was sprayed a number of times to ensure 
that the spray was repeatable. 
A sharp edged four hole injector nozzle with each hole having a diameter of 0.2 
mm and similar to the one used on the test engine was used for the studies. A 
close fitting sleeve was used to isolate one of the holes for spray studies as 
illustrated in Figure 4.3. For each working condition the development of the fuel 
spray starting from the beginning to the end of the introduction was filmed. 
During this period 3 to 4 pictures were taken at 5ms interval for every spray. 
These pictures were used to determine the spray penetration, spray length and 
cone angle for the different fuels. Figures 4.3a-I shows the spray patterns. The 
pictures in Figures 4.3a-I show the development of fuel spray relative to time for 
the fuels COIL, COME, COEE and diesel. It is seen from the slides that COME 
sprays behave in a similar pattern in atmospheric conditions to the diesel sprays. 
The only difference appears to be that the spray disintegrates almost 5ms earlier 
than diesel fuel. In common with COIL, the initial spray cone angle is seen to be 
wider and the spray distance travelled is slightly greater than that for diesel and 
COME fuels, although the time taken for the disintegration or atomisation of 
COIL is almost the same as COME. A summary of the results is given in Chapter 
6 (Figures 6.6.2a - d). 
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Figures 4.3a to 4.31 Pictures of the ftiel spray tests done on the fuel injection rig. 
(Pump Camshaft speed 75 Orpm) 
Figure 4.3a Fuel Spray development of COIL after 5ms 
Figure 4.3b Fuel Spray development of COIL after I Oms 
Figure 4.3c Fuel Spray development of COIL after 15ms 
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Figure 4.3d Fuel Spray development of COME after 5ms 
Figure 4.3e Fuel Spray development of COME after I Oms 
Figure 4.3f Fuel Spray development of COME after 15ms 
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Figure 4.3g Fuel Spray development of COEE after 5ms 
Figure 4.3h Fuel Spray development of COEE after I Oms 
Figure 4.3i Fuel Spray development of COEE after 15ms 
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Figure 4.3j Fuel Spray development of diesel after 5ms 
Figure 4.3k Fuel Spray development of diesel after I Oms 
Figure 4.31 Fuel Spray development of diesel after 15ms 
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4.4 Dro let Size 
The analysis of fuel sprays produced by diesel injectors is important in terms of 
droplet size distribution, spray pattern and spray angle in the context of the spray 
combustion process. The governing equations of spray combustion process depend 
on various physical phenomena consisting of chemical kinetics, fluid dynamics 
and particle dynamics including particle diameter as a parameter. There are a 
number of techniques used for droplet size measurements. However, the droplet 
size distribution of a spray varies depending on the sampling position from the 
injector. In an ideal situation any diagnostic technique should provide a complete 
size distribution. 
A fuel spray is composed of droplets of different sizes. To compare the fineness of 
different sprays it is common to introduce the concept of 'mean droplet size' to 
indicate the degree of atomisation together with its physical significance [7]. 
Although the spray is composed of droplets having different sizes, these are 
replaced by an equivalent spray in which all the droplet sizes are the same and 
equal to the mean droplet size, whilst retaining certain characteristics of the 
original spray. 
Giffen et al [8] suggested that two different sprays can be compared by 
investigating the values of the parameters such as the total volume, total surface 
area, the total radius and the total number of the droplets as given below. Here 
index '0' indicates the equivalent spray composed of equal droplets, index '1' 
refers to the real spray composed of droplets of different sizes, while 'n' relates to 
the number of droplets having radius Y in the spray. 
Total Volume: - 
Total Surface Area: - 
Total Radius: - 
Total Number: 
v=nrv ;r nr 
3 
030013 
Ao = 4; znoro 
2 A, 47rE nr 
2 
Ro = noro 
No = no 
nr 
=In 
(4.4.1 
(4.4.1 b) 
(4.4.1 
(4.4.1 d) 
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According to Giffen [8], for two sprays only two of the four parameters can be 
equal at the same time. If assuming Vo = V, and Ao =AI the values of ro and no 
can be determined from the equations (4.4.1 a) and (4.4.1 b) but if these values are 
substituted in the equations Ro and No , Ro will not equal to R, and 
No will not 
equal N1. 
Considering the possible combinations giving two quantities equal for the 
equivalent and the real sprays, Sauter concluded that the most convenient 
combination is one that assumes the total surface AO = A,, and having the same 
total volume of droplets VO = V, for the two sprays. The value of do = 2ro 
determined from these conditions is called the 'Sauter Mean Diameter'. The 
physical value of the Sauter mean diameter (S. M. D) can be readily determined by 
dividing equation 4.4.1 a by equation 4.4.1 b. 
SMD (D32) = do = 
6VO 
= 
6VI 
(4.4.1e) 
Ao A, 
The Sauter mean diameter (SMD) is the one most commonly used and is defined 
as the diameter of the drop having the same volume to surface ratio as the entire 
spray [9]. It may be seen from the equations that the SMD gives a value closer to 
the size of the bigger droplets of the actual spray. This is mainly because the 
volume increases as the third power of the diameter, and the surface as the second 
power. Therefore, the smaller droplets make a relatively smaller contribution to 
the Sauter mean diameter. 
4.5. Methods Used for Droplet Size and Velocity Measurements 
Some of the early methods used for droplet size measurements are discussed in 
[10][111 and include the frozen drop method, the wax method, microscopic 
method and the probe technique, and these mainly intrusive methods are described 
below. 
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In the frozen drop method the spray is injected into a bath of alcohol or acetone 
maintained at dry ice temperature, or into liquid nitrogen. The particles are then 
counted by sieving or by photographic methods. The droplets are counted from the 
enlarged pictures physically or by automatic particle counting and sizing 
techniques using the Quantimet Image Analyser to allow the sample to be 
examined directly by a microscope system [ 11 ]. 
4.5.1 Microscopic Method 
This method involves collecting the spray droplet on to a microscopic slide and 
examining them under a microscope. To count and measure more volatile liquids 
microscopic slides coated with magnesium oxide have been used [8]. In these 
methods a correction factor was employed to accommodate the deformations 
caused on the indentations due to the impact flattening effect of the droplet. The 
correction factor depends on the impingement surface and the type of fuel used. 
4.5.2-Probe Method 
In the probe method the droplet sizes and distribution are measured directly by 
means of electronic counting using probes inserted into the spray. In this 
technique the pulse counting method is used where the individual droplets pass 
through an electric circuit consisting of two needles positioned at a pre-determined 
distance. 
Other types of methods used are non-intrusive techniques. These methods do not 
require any solid objects to be inserted in the particle field, and thus no errors are 
introduced from the interference with the particles before or after sampling. Non- 
intrusive techniques generally use optical methods where the properties of light 
beams traversing the particle field are adopted. The optical techniques are divided 
into two main categories: - imaging techniques and light scattering techniques. 
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Depending on the technique used it is important to differentiate between the two 
different types of measurable distribution [I I]. The differences are the temporal 
and spatial size distribution. When a measurement is made on a collection of 
particles within a measurement volume it is known as the spatial size distribution. 
During the sampling interval of time the contents in the sampling volume do not 
change. Examples of spatial size distribution measurement techniques include 
single flash photography and single-pulsed holography. In the temporal size 
distribution a flow of particles passing through a fixed small test volume is 
measured. In the process a large number of particles are cumulatively sampled 
over a period of time thereby measuring a mass flux of particles of different sizes. 
Laser anemometry is an example of the temporal distribution technique used. 
4.5.3 Photographic Method 
In this method two flash lights are used with a time delay during the shutter open 
period. This method helps to create double images on the picture and with the 
knowledge of the time delay between the flashes forming the paired images it is 
possible to determine the droplet velocity and direction. In some cases a high 
intensity stroboscopic light source synchronised to the high speed cine camera is 
used to study the droplet paths. Counting and measuring the droplet size 
distribution contains a reasonably high error factor due to counting errors ranging 
from -17% to +13% [11]. 
4.5.4 HoloaraDhic Method 
Unlike the photographic method which is two dimensional, the holographic 
method allows three dimensional pictures of an object to be obtained. The images 
are viewed in much the same way but it has the advantage that the viewing plane 
can be traversed in depth. It has been suggested that a laser diffraction particle 
sizing technique can be used to analyse the hologram by utilizing its diffraction 
pattern [I I]. 
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4.5.5 Laser Diffraction Techniaues 
These involve light scattering techniques using laser and laser diffraction systems. 
Systems based on diffraction methods are commercially available. They are 
reliable and convenient to use. The instrument used in the droplet size 
measurements,, (Fig. 4.5.5) uses the laser diffraction technique and was 
manufactured by Malvern Instruments. The system consists of a low power laser 
(He-Ne) transmitter and a receiver detector unit mounted on the opposite end at a 
distance of approximately 100cm. 
The droplets are sprayed into the laser beam as shown in Fig. 4.7a and the droplets 
scatter the light which is focused onto a multi-element solid state detector. The 
large particles scatter at low angles while small particles scatter at high angles. 
The light scattered by the particles and the unscattered remainder are incident on 
to a receiver lens, known as the range lens. This operates as a Fourier Transform 
Lens forming the far field diffraction pattern of the scattered light at its focal 
plane. Here a detector designed as a series of 31 concentric annular rings, gathers 
the scattered light energy over a range of solid angles of scatter from which 
particle size distribution was calculated using the Fraunhofer diffraction theory 
[ 12]. According to this, Fraunhofer diffraction theory is when an opaque particle is 
lit by a beam of parallel monochromatic light, Fraunhofer diffraction pattern can 
be observed at the infinity superimposed on the geometrical image of the particle. 
Considering the unique diffraction pattern for a particle or a series of particles of 
different sizes, it therefore makes it possible to deduce the size distribution of a 
collection of particles from their diffraction pattern signature. Commercial 
instruments such as the Malvern particle sizing instrument employ this method, 
and measures and analyses the light energy distribution over a finite area of the 
detector plane. 
The forward scattered light was collected by the Fourier transform lens 
arrangement, where particles creating the same light intensity distribution at the 
focal plane of the lens and having the same uniform illuminating light intensity 
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produce the same radial diameters [13]. To obtain an adequate measurement of the 
scattering the number of Particles needed in the beam concurrently varies between 
100 - 10,000. The method gives an averaged value and typically it is expressed in 
terms of D32 (Sauter Mean Diameter) as given in equation 4.4.1 e. According to 
[8] Sauter assumed that the droplets are not transparent and do not overlap each 
other. It follows that the amount of light intensity fo falling on the surface AO 
before passing through spray will be FO =fO AO while after passing the spray will 
be F, =fO (AO - Ad. (Where A, =znrn 
2 is the total cross-sectional area of droplets 
in the area A0, n is the number of the mean droplets and rn = is the Sauter mean 
radius). 
Laser Doppler Anemometry (LDA) or Laser Doppler Velocimeter (LDV) consists 
of phase Doppler method where droplet velocity and diameter are simultaneously 
determined with the help of a two crossed (split) laser beams. The techniques 
available are mainly based on signal amplitude methods, signal modulation or 
visibility methods or phase Doppler methods [8][11][14]. The most commercially 
available instruments developed are based on the Phase-Doppler principle (e. g. 
Dantec Electronics and Aerometrics). 
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Figure 4.5.5 Malvern droplet sizing system series 2600C 
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g% I rk, 4.6 SMIction of In truments 
In this study for the fuel droplet sizing measurements a Malvern 2600c system, 
based on the laser diffraction technique as explained in section 4.5.5, was used. 
The added advantage of using this system is that it uses non-intrusive techniques 
for droplet size measurements. Therefore, this method was found to be more 
convenient and accurate than physical microscopic counting methods. However, 
the more advanced Dantec equipment [14], based on the phase doppler method 
using 2 split beams, would have been ideal, as the system has the ability to 
measure the droplet velocities together with its diameters but the system was more 
complex and expensive than the Malvern system and was not available. 
4.7 Droplet Size Measurements 
Droplet size measurements were carried out using a Malvern series 2600c laser 
diffraction particle sizer as shown in Fig. 4.7a. The analyser beam consists of 
single cylindrical monochromatic light beam produced from a low power Helium 
- Neon laser, having a diameter of 9 mm and a wave number of 63 3 nm. AI 00mm 
lens was used as this is suitable for measuring the droplet size range of diesel 
injected sprays. Any particles introduced into the beam scatters the light and the 
system functions on the basis of the scattered light. 
The unscattered light is brought to focus on the detector where it passes through a 
small aperture and out of the optical system. The total laser power passing out of 
the system in this way is monitored as it allows the sample volume concentration 
to be determined as already explained in section 4.5.5. Such a system is 
characterised by a size range of 0.5 to 1880 microns in 6 ranges, a dynamic range 
of 100: 1 on any range with an accuracy of ±4% on Volume Median Diameter. 
The diameter of the sample droplets are characterised by means of its Sauter 
Mean Diameter (SMD). 
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EN 
iD i' 
S. M. D. = 
D3 
22 (4.7) NiDi 
Here Di is the central value of the interval between the diameters, having N, 
particles in which the sample has been divided. The main aim of the investigation 
is to correlate droplet size distribution modelled as a Rossin-Rammler distribution 
[131. (The Rossin-Rammler distribution was initially developed to model the size 
distribution of coal but later it became more useful for modelling the droplet size 
distribution in spray atomisers. ) The results of the size distribution are grouped 
and are given in a scale of droplet sizes versus percentage as shown in Chapter 6 
(Figures 6.7.1- 4). The graph indicates the percentage of droplets included in the 
spray with varying droplet diameters. 
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Figure 4.7a Schematic Diagram of the Laser Diffraction 
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4.7.1 System Setup 
The system was arranged such that the Malvern emitting and receiving units were 
kept at a constant distance on a fixed rigid base to maintain the alignment. 
Although the unit as a whole is structurally rigid, it is movable. This allows it to 
be placed at various different positions of the spray to measure the droplet size 
distribution at the selected radial and axial points. In order to maintain a low 
background during the Malvern acquisition a low draft scavenge unit was used. 
The main purpose of the scavenge system was to drain off the spray mist from the 
spray analysing chamber thus allowing the Malvern system to reach an acceptable 
background for the repeated runs. Figure 4.7.1 a illustrates the system setup for the 
droplet size measurements 
The injection system is designed in such a way that a controlled number of 
injections are sprayed before the background and data acquisition measurements 
are taken. The injection frequency was maintained the same for all fuels. Each test 
was carried out with the injector working at stable conditions and measuring the 
pattern on an oscilloscope before each acquisition. In this study the droplet size 
distribution measurements for all the fuels were carried out at a fixed position. 
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4.7.2 Droplet Size Determination 
After extensive experimental studies Hiroyasu et al [15] developed an empirical 
relationship to relate the effective injection pressure, air density, quantity of the 
fuel to the Sauter mean diameter of the spray droplets. 
D32 = A(AP)- 
0.135 (pc, )O. 121 (vf)o. 131 (4.7.2) 
Here A is a constant, which equals 23.9 for the hole nozzle, AP is the difference 
between the fuel injection pressure and the ambient pressure in (MPa). PG is the 
density of air, (kg/m 3) while Vf is the amount of fuel delivered in, (mm 3 /stroke). 
From the equation it is seen that as the AP increases the droplet sizes decrease and 
decreasing Vf also decreases the droplet sizes. On the other hand, increasing the 
PG increases the droplet size. A similar pattern was observed for diesel fuel in the 
experimental results presented in Chapter 6 (Table 6.7.1). 
4.8 Fuel Atomization 
Fuel atornization is defined as the process where a volume of liquid fuel is forced 
through an orifice using high pressure and is thereby converted into a multiplicity 
of small droplets at the exit. Fuel atomization increases the surface to mass ratio of 
the liquid to increase the rate of evaporation. To atomise the fuel it is injected with 
very high velocities into the surrounding medium, usually air, and the resistance 
developed based on the relative velocities achieves the break-up into separate 
droplets. If the pressure difference is too low or the orifice size too large, the 
liquid will not atomize and the fluid will flow as a coherent jet. It is essential for 
rapid evaporation and mixing that a jet of liquid fuel does not occur. 
Several modes of jet disintegration have been identified, but in all cases the 
ultimate mechanism involves the breakup of unstable columns of liquid jets into 
rows of drops conforming to the classical mechanism postulated by Rayleigh [9]. 
The break up, in the Rayleigh regime, is due to the unstable growth of the surface 
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waves, which occurs downstream of the nozzle and yields drop sizes with 
diameters greater than the jet diameter. This is caused by the surface tension. The 
break up which again occurs as the jet velocity is increased yields drops with 
diameters of the order of the jet diameter. This is called the first wind-induced 
break-up regime where the surface tension effect is augmented by the jet motion 
of the ambient gas. The acceleration of the jet break up in this regime is caused by 
the static pressure distribution produced on the jet surface. A further increase in jet 
velocity produces droplets whose average diameters are much smaller than the jet 
diameter. Here the break-up is characterised as the divergence of the spray several 
diameters downstream of the nozzle. 
The droplet formation is induced by the unstable growth of the short wavelength 
waves on the jet surface and by the relative motion between the liquid jet and the 
surrounding air. Here the break-up of the outer surface of the liquid jet occurs at, 
or before, it exits the nozzle plane. The most important component in the 
mechanism of the atornization regime is the aerodynamic interaction at the liquid 
gas interface [16]. 
A succession of pictures taken with the high speed camera shows the emergence 
of the liquid jet from a nozzle of 0.2 mm diameter into air at ambient conditions 
(25'C at atmospheric pressure). The pictures in Fig. 4.3a-I show how the spray tip 
penetrates and the spray spreads during the early and the later parts of its travel for 
the different fuels with varying physical properties. The pictures were used to 
measure and to determine and compare the spray penetration and the cone angles 
of the fuels. The results of the measurements are given in (Figure 6.6.1 a and Table 
6.6.2). 
4.9 Spray Penetration 
The rate at which the fuel spray penetrates into the combustion chamber greatly 
influences the mixing of the fuel with the air. In general, the higher the mixing 
rate the more air is utilised leading to better combustion. Depending on the design 
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of the combustion system, increasing penetration does not necessarily help to 
create better combustion. For engines designed with very high air swirl and having 
very hot chamber wall surface temperatures the impingement of the fuel spray on 
the walls will generally assist combustion. For engines designed with little or no 
air swirl and having cooler chamber surface temperatures the fuel impingement on 
the chamber wall surfaces is not desirable. Such impingement of fuel results in 
poor air-fuel mixing and leads to increased emissions of unburned and partially 
burned products in the exhaust. However, poor penetration can result in poor air 
utilization leading to poor combustion. In this latter case lack of penetration will 
result in some of the air available for combustion not coming into contact with the 
fuel. 
Since fuel penetration plays a vital role in the combustion process it is desirable 
that any replacement fuel behaves in a similar manner to diesel fuel if the engine 
is to remain substantially the same. As modem engines are designed to bum diesel 
oil effectively it follows that the spray penetration of any alternative fuel must not 
be too dissimilar to diesel. Figure 6.6.1 a (Chapter 6) shows the graphs of spray tip 
penetration versus time, for the four fuels used, derived from the high speed 
pictures. It may be seen that spray penetration is directly related to fuel viscosity. 
Here penetration rate is defined as the time rate at which the tip of the spray 
progresses away from the injection nozzle orifice. 
Many empirical correlations have been proposed to combine experimental data 
and turbulent gas jet theory for fuel spray penetration. These predict the spray tip 
penetration S across a quiescent air chamber as a function of time, as it only 
occurs in only larger engines. An expression developed by Dent was based on a 
gas jet mixing model for spray penetration [17]. The curve fit based on equation 
4.9a closely resembles the experimentally determined data for the fuels and are 
presented in section 6.6.1 (Figure 6-6.1 a). 
104 
Fuel SV2Lca0z Characteristics 
294.4 S= ('Ujetdot 2 
T9 
Where Ujt is the jet velocity (m/s) 
U. = ýOF) 0.5 (2, AP/ jet 
d,, - nozzle orifice diameter (m) 
pF - fuel density (kg/m 
3) 
AP - pressure drop across the nozzle orifice (pascals) 
t- time from the start of injection (seconds) 
Tg - surrounding air temperature (kelvins) 
(4.9a) 
For determining the early injection periods, which is outside the range of the 
'k above correlation t<0.3 ms the penetration rates can be calculated from the 
expression of Hiroyasu using a low value discharge coefficient (Cd ý 0.39) [15]. 
Cd (2 4pIPF) 0.5 
4.10. Spray Angle 
(4.9b ) 
Spray angles versus time were obtained from the high speed pictures for all the 
fuels. According to Heywood [18] for jets in the atomisation regime the spray 
angle 0 can be detennined by; 
I 
01 PG 2 V-3 
tan 
2=A 
4g 
6 
(4.10) 
where pG and pF are gas and fuel densities and A is a constant for a given nozzle 
geometry. A is determined by the empirical equation A=3.0 + 0.28(L,, 1dj, [ 19] 
here L,, Id, =4 and is the length/diameter ratio of the nozzle. 
Experimentally spray cone angle is defined as the angle encompassed by the spray 
plume with the apex located inside the nozzle. This is usually taken as a measure 
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of fuel air mixing within the spray jet. Generally, the higher the value of the cone 
angle the lower the penetration rates are. It is expected that the higher viscosity of 
the coconut oil and its derivatives will have a marked effect on the penetration rate 
and cone angle. An increase in fuel viscosity generally results in an increase in 
penetration rate and an associated decrease in cone angle [8]. 
The experimentally determined values follow a similar trend with results obtained 
from the above correlation except for COIL as shown in section 6.6.2 (Table 
6.6.2). 
4.11 Conclusion 
The fuel injection pictures show that the density, viscosity and the surface tension 
of the fuels used in the experiments had varying effects on the fuel injection 
parameters. The higher the surface tension, viscosity and density of the liquid the 
higher the values of the measured fuel droplet sizes and simultaneously increased 
length of the spray penetration. These results agree with the works of Hiroyasu et 
al [15] and of Giffen et al [8]. Since the viscosity of coconut oil based fuels are 
higher than diesel oil it is expected that the spray penetration for such fuels would 
be increased while spray cone angles would be reduced. However, the measured 
cone angles were slightly greater than was expected for coconut oil based fuels. 
The results derived from the experiments are presented in Chapter 6. 
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Chapter 5 
Engine Tests and Measurements 
5.1 Enciine Test Setup and Measurements 
A special engine test rig was designed and built for testing and comparing the 
fuels under laboratory conditions. The system was designed to accommodate the 
specific requirements needed to test the engine using the chosen variety of fuels. 
The fuel which needed to be tested was fed to the engine fuel system at 30'C, and 
as this is above the normal ambient temperatures of the laboratory, special heaters 
were used to obtain the required temperature. To stop the fuel system from 
clogging the heaters remained on throughout the whole engine test period. To 
record the data generated during the combustion of the test fuels, data acquisition 
systems were attached to the test rig. These included in-cylinder and fuel line 
pressure measuring systems, exhaust gas analysers, cylinder temperature, engine 
lubricating oil pressure, engine speed, engine-load, air and fuel flow indicators. A 
schematic of the engine test arrangement is shown in Fig. 5.1. Figures 5.1a and 
5.1b show the arrangement of the test rig with the emission analysis and data 
acquisition systems. 
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Figure 5.1a Picture of the Engine Test Rig 
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5.2 Engine Tests 
Combustion analysis, performance and emissions tests were carried out using a 
(specially setup) single cylinder, air cooled, naturally aspirated, direct injection 
four stroke diesel engine. The engine cylinder was fitted with probes to measure 
the pressure and temperature of the working fluids. Probes were also fitted into the 
exhaust line for the extraction of exhaust gases for analysis. The engine test setup 
also included instruments for controlling and measuring the engine speed, load 
and lubricating oil pressure. 
The initial and the intermediate tests for the durability test cycle were carried out 
based on the engine manufacturer's recommended steady state cycle of a speed- 
load matrix at maximum torque speed consisting of nine points [1]. The engine 
was run at the maximum speed of 3600 rev/min with the maximum torque that 
could be developed. The load was increased in steps to reduce the speed range 
down to 1200 rev/min with decrements of 300 rev/min.. The engine was loaded 
using a Froude hydraulic dynamometer type DPX 1 [13]. The specification of the 
test engine is given in Table 5.2 
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Table 5.2 Test engine specifications 
Make Lister Petter 
Model AD I 
No. Cylinders I 
Bore (mm) 80 
Stroke (mm) 73 
Cyl. Capacity (cc) 367 
Comb. Chamber (cc) 20.63 
Comp. Ratio 18.8: 1 
Power at 1500rpm 2.75kW 
Injection Timing 22 deg. btdc 
Connecting rod (mm) 155 
Crank radius (mm) 36.5 
Fuel line length (mm) 320 
Fuel line int. dia. (mm) 1.5 
Top dead centre (CA) 0 (deg. tdc) 
Inlet valve opens (CA) 322 (deg. atdc) 
Inlet valve closes (CA) -109 (deg. btdc) 
Exhaust valve opens 
(CA) 
123 (deg. atdc) 
Exhaust valve closes(CA) -331 (deg. btdc) 
5.3 Engine Durability Test Cycle 
The engine durability test cycle was based upon the performance map obtained at 
the beginning of the test programme followed by the test cycle. The engine was 
tested using the same cycle for all the fuels but for varying durations of time 
depending on the amount of test fuel available. Both ester fuels were tested for a 
period of 20 hours including the initial mapping time followed by COIL. The 
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durability test for COIL lasted for 200h. Before each test all the critical parts of 
the engine were closely inspected. The adopted durability test procedure followed 
the Engine Manufacturers Association standard 200 hour screening test cycle as 
stated in Table 5.2 [2][3]. The test cycle recommends the use of one cycle of four 
engine loads and speeds as specified in Table 5.2 over a3 hour period. The test 
specifies that the engine should be run for five consecutive cycles (15 hours) and 
then be shut down for 9 hours, during which time the engine is allowed to reach 
ambient temperature. Since the duration of each test cycle was 3 hours each test 
cycle was repeated only twice every day due to the limitations of the University 
laboratory facility. This procedure was repeated until 200 hours were completed. 
The rated power as stated in Table 5.2 is defined as the highest power an engine is 
allowed to develop in continuous operation, while rated speed is the engine speed 
at which the rated power is developed. 
The load conditions used were those specified by the EMA: - 
I. Rated Condition as stated in Table 5.3 was obtained while the engine was 
operating on full throttle, load was applied until the engine speed decreased to the 
manufacturer's specified rated speed of 3000 rpm. 
2. Maximum torque as stated in Table 5.3 was obtained while the engine was 
operating at full throttle, a load was applied until the engine speed decreased to the 
rated torque speed of 2550 rpm as specified by the engine manufacturer. 
3. High idle - this condition was achieved by adjusting the load to 28% of the 
maximum torque while the throttle was varied to achieve an engine speed of 90% 
of the rated speed of 2700 rpm as stated in Table 5.3 
4. Low idle condition as stated in Table 5.3 was achieved by running the engine on 
zero load condition while maintaining the manufacturer's specified speed of 1200 
Ipm. 
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Table 5.3 EMA Durability Test Cycle 
Step Speed Torque Power Time in 
minutes 
I rated rated 60 
2 85% maximum 95% 60 
3 90% 28% 25% 30 
4 low idle 0 0 30 
Total 180 
5.4 Enaine Test Procedure 
For all four fuels the engine was started and initially run at low idle, and then the 
speed and load were raised until the engine achieved working temperatures. The 
engine body temperatures were recorded using thermocouples embedded radially 
at various positions on the cylinder liner cooling fins. On reaching the 
manufacturer's stated temperature the engine was then subjected to the test 
procedure as indicated in the example in Table 5.4. Once the rated power was 
established the engine was tested using the percentage break-down stated in the 
cycle, in Table 5.3. 
Table 5.4 Example of the break down of the engine test cycle 
Step Speed Power (M) Time 
(min. ) 
1 3000 5.2 60 
2 2550 4.9 60 
3 2700 1.3 30 
4 1200 0 30 
* For each fuel the maximum rated power was separately established since the set 
maximum fuel delivery developed varying peak powers. 
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At each operating point the following standard data was recorded: Engine speed, 
load, fuel consumption, air flow, lubricating oil pressure, barometric pressure, 
ambient temperature, temperature of the fuel at the fuel inlet, inlet air temperature, 
exhaust gas temperatures, fuel injection line and in-cylinder pressures. 
Engine speed was measured using the disc fitted on the crankshaft via an optical 
switch registering the signals and passing on to a digital tachometer. Volumetric 
fuel flow relative to time was measured to determine the fuel consumption. 
Cylinder air flow measurements were done using an Alcock Viscous Air Flow 
meter. Fuel line pressure measurements were done using (high pressure) pressure 
transducers. To measure the cylinder and exhaust gas temperatures thermocouples 
were used. Details of these measurement systems are given below. 
5.5 Emissions Measuring Equipmen 
The engine exhaust gas sampling was carried out using a probe fitted to the engine 
exhaust manifold 3 cm away from the cylinder head exhaust port. The exhaust gas 
passed through a heated line, then to an oven and to chillers before reaching the 
respective gas analysers. The Multigas Exhaust Gas Analyser manufactured by 
Richard Oliver Company [4] was used for exhaust gas analysis. For hydrocarbon 
analysis the system used the Analysis Automation Limited (AAL) Model 546 
Hydrocarbon Analyser [4]. The unit uses the flame ionisation detector method to 
measure the concentration of total hydrocarbons. The equipment heats the 
sampled portion of the exhaust gas in an oven up to a temperature of 4700C to 
ensure the correct level of hydrocarbons are determined by the analyser. 
To determine the levels of CO andC02from the sampled portion of exhaust gases 
the system uses non-dispersive infra-red detectors. 
The AAL Model 446 [4] Chemiluminescent analyser measured the levels of NO,, 
and 02 using the Servomex Model II 11/000 paramagnetic oxygen transducer [4]. 
Smoke levels were measured by the Hartridge Smokemeter model MK3 [5]. 
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Tests for unregulated hydrocarbons such as Polycyclic Aromatic Hydrocarbons 
(PAH), aldehydes (i. e formaldehyde and acetaldehyde) and acrolein were carried 
out using Tenax glass fibre, coconut charcoal filters and DNPH (2,4- 
dinitropheny1hydrazone) derivative method [6]. The hydrocarbons were trapped 
on the filters and was solvent extracted and analysed using gas chromatograpligy 
(GC) - mass spectroscopy techniques. The sampling was carried on undiluted 
gases on filters maintained at temperatures of 50 to 52'C maximum [7]. The initial 
pump suction rate through the filters was set at I litre per second and the sampling 
was stopped once the pump suction rate fell to half a litre per second. Results of 
the tests are presented in Chapter 6 (Table 6.12.1). 
5.5.1 Electron MicroscM 
Electron micrographs were produced using the soot obtained from the exhaust 
gases of the four different fuels and are compared in the section 6.12.3. 
5.6 Combustion Chamber Deposits Measurements 
The engine was opened after the 200h test cycle and all the major combustion 
chamber components were inspected for deposits. The regions inspected included 
the cylinder liner walls, piston, cylinder head, and the inlet and exhaust valves. An 
optical profiler based on laser triangulation method was built to measure the 
combustion chamber deposits. The objective of this method was to carry out non- 
contact and non-intrusive measurements. Figure 5.6.1 shows diagrammatically the 
developed system. The optical probe model MEL D-85386 manufactured by 
Mikroelektronik Eching/GMBH [8] with the matching indicating system was 
used. The optical probe and the measuring object were positioned on a specially 
designed rig and the system was then calibrated using very fine slip gauges. The 
rig was designed to carry out three dimensional measurements. Axis X-Z 
accommodating the object plane and Y used for depth gauging. Motions on all 
three axes were electronically controlled. A PC based controller incorporating a 
stepper motor drive to the machine lead screw produced the planner X and Z 
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displacements. Once the probe distance (axis Y) from the object is determined the 
physical probe distance remains rigidly fixed. While the depth field axis Y 
incorporating the laser probe records the surface pattern. The probe was calibrated 
for depth on a surface without deposit. Moving the probe across the surface with 
deposits whilst maintaining the fixed Y position enabled the surface position 
related to the datum to be determined. Once this was established the X-Z grid 
dimensions for scanning were entered and the measuring surface (in this case the 
cylinder head CCD layer) was scanned. The recorded data from scanning across 
the surface was processed to give graphical output indicating the surface 
thickness. Figure 5.6.2 shows the block diagram of the whole system. For objects 
where a planer surface was not available two scans (one before and one after the 
tests) needed to be carried out. 
In addition to these, photographs of the chamber parts showing the deposits were 
done and are shown in Appendix C, Figures 6.15.1. lb-c & 6.15.1.3a-b. 
Photographs show the qualitative assessment of the deposits. 
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5.7 e and In-cylinder Pressure Measuring Equipmen 
A Kistler model 601 H [9] water-cooled pressure transducer was installed in the 
engine cylinder head to measure the combustion pressures while a Kistler 
transducer type 4065AI [10] was mounted on the high pressure fuel line to 
measure the fuel injection pressure. The cylinder and the injection pressure signals 
were then passed on to matching Kistler charge amplifiers Model 5001 [11] before 
they were recorded by a computer using Analog Devices DT 2805 data translation 
board [12]. Fig. 5.7.1 shows the schematic diagram of the high pressure fuel 
injection line and in-cylinder pressure measuring system. 
The fuel injection line pressures and combustion chamber pressures were recorded 
at 20 crankangle intervals. The system was set to record and display in-cylinder 
pressure readings averaged to 49 cycles and fuel line pressures per cycle. This is 
attained by the help of a slotted disc attached to the crankshaft having an angle of 
2' between the slots. The TDC (Top Dead Centre) point has a deeper groove on 
the slotted disc and this provides the TDC signal and is used as the trigger to 
separate the cycles. The slots corresponding to the crank angles and the TDC are 
sensed by an optical switch and the message is passed on to the data acquisition 
system as shown in Fig 5.7.1 The system is designed to record the pressure versus 
crankangle readings relative to the TDC signals. A separate slotted disc is fitted to 
the dynamometer end to measure the engine speed. 
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FIGURE 5.7.1 The schematic diagram of the fuel injection line and 
in-cylinder pressure measuring system 
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5.8 ts 
The fuel injectors were removed at varying time intervals for testing and external 
observations. The injectors were tested on the external injector tester for opening 
pressure, pressure drop time, injector chatter and nozzle orifice diameters. 
5.9 Lubricatina Oil Tests 
Lubricating oil used in the engine was Shell Rotella 20/20W. Before starting the 
engine the lubricating oil level and its physical condition was checked. For each 
fuel the lubricating oil and filter were changed. An oil sample was taken from the 
engine after every 100 hour of engine testing. The samples were analysed by the 
Shell Fuel Laboratories. The fuels TBN (Total Base Number), Viscosity, GC 
analyses for fuel contamination were checked. 
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Results and Discussions 
6.1 Introduction 
The results of the experimental tests on the three fuels (COIL, COME, COEE) are 
stated here. These include the result of the ftiel analysis (physical and chemical), 
fuel spray characteristics, engine performance, emissions and combustion chamber 
deposits analysis. 
6.2 Gas-Liquid Chromatography Analysis of the Fuels 
The three fuels were prepared in batches under laboratory conditions as stated in 
chapter 3 (3.4.1), and the chemical compositions of the fuels were determined 
using the GLC (Gas-Liquid Chromatography) method [1]. The analysis of fatty 
acid composition by GC requires derivatization of fatty acids to increase their 
volatility. Therefore, two of the fuels COME and COEE as derivatives of the base 
fuel COIL were used in the GLC tests. The identification of the chromatographic 
peaks is based on the comparison of their retention times with respect to an 
authenticated reference sample as shown in Figure 6.2.1 a-b. Also Figures 6.2.2a-b 
and 6.2.3a-b show sample graphs of a GLC run showing results for both methyl 
and ethyl esters. 
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Table 6.2.1 shows the averaged results of the GLC tests indicating the fatty acid 
composition of COME and COEE fuels. The results indicate that COME and 
COEE consist of about 80% saturated fatty acid esters. The major fatty acid 
component i erent to coconut oil was identified as lauric acid. Its systematic 
name was found to be dodecanoic and having a molecular weight of 200.31 as an 
acid [2]. The molecular weight in triglyceride form was found as 639.0 [2]. 
Although it is stated in literature [3] that coconut oil contains carbon numbers 
ranging between 28-52 it was not possible to determine the exact value due to the 
complex nature of the triglycerides. The results of the GLC tests together with the 
data obtained from the elemental analysis were used to determine the 
stoichiometric air fuel ratios of the component fuels as described in 6.5. 
Table 6.2.1 Fatty acid composition of COME and COEE 
Fatty Acid (Composition) Weight percent" Weight percent" 
Caproic, C6, (C6 H12 02) - 6.843 
Caprylic, C8, (C8 H16 02) 7.495 5.195 
Capric,, CIO, (C Io 
H20 02) 6.022 4.825 
Lauric, C12, (C12 H24 02) 45.339 45.179 
Myristate, C 149 (C 14 H24 02) 17.791 15.849 
Palmitic, C16, W16 H32 02) 10.124 7.467 
Stearic, C18, W18 H36 02) 1.417 1.132 
Oleic", C18.1, (C18 H34 02) 7.489 6.511 
_Linoleic', 
C18.2, (CI8 H32 02) 3.1 2.818 
me - averaged % composition derived from methyl esters 
ee averaged % composition derived from ethyl esters 
u unsaturated 
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6.3 - 'ic Analysis of the Fuels 
The TGA curves show the loss in weight of the sample in accordance to the 
heating rate. An example of combined TGA and DSC curves for COIL are shown 
in section 6.4 Figure 6.4.1. Table 6.3.1 shows the data derived from the TGA 
curves for COIL, COME, COEE and diesel fuel (details are given in Appendix B). 
It is seen from the graph that initial volatilisation of COIL starts at around 220'C 
which is an indication of the onset of combustion while most of the sample has 
volatilised by 480*C indicating the end of combustion. 
The remainder of the samples (COME, COIL and diesel) started volatilising at 
much lower temperatures (80,120, and 125'C respectively) and reached complete 
volatilisation before 400'C. Although these tests show only about 94% weight 
loss due to decomposition of the products, no solid residues were left in the pan. 
The test results show that COIL requires approximately 2-3 times higher 
combustion temperatures when compared to the rest of the fuels. 
Table 6.3.1 Shows the onset and end of phase changes 
as derived from the TGA curves. 
Sample Onset of combustion 
(at 5% weight loss) 
End of combustion 
(94% weight loss) 
COIL 304'C 447'C 
COME 14PC 360'C 
COEE 140*C 400'C 
diesel I OOOC 3 800C 
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6.4 Differential Scannino Calorimetry (DSC) 
In DSC the temperature of the sample is kept the same as the reference and the 
difference in heating power required to volatilise the fuel is measured. The test 
apparatus used in this study (NETZSCH Simultaneous Thermal Analyzer STA 
400) calculates and indicates the heat input required for the phase change from 
liquid to gaseous state as shown typically for COIL in Figure 6.4.1. 
For example figure 6.4.1 shows that the onset of the phase change for COIL 
occurs at 304'C and requires 238 J/g heat input. The rest of the DSC curves for 
the samples COME, COEE, and diesel are presented in Appendix B and are 
summarised here in Table 6.4.1 
Table 6.4.1 Summary of the DSC results showing the energy flow 
at the onset of phase change. 
Sample analysed Onset of phase change 
in 'C 
Energy flow 
in J/g 
COIL 304 238 
COME 140 163 
COEE 140 157 
Diesel 100 165 
It is seen from Table 6.4.1 that the onset of the phase change for COIL is the 
highest compared to the other three fuels. COME and COEE fuel fall within a 
close range while diesel had the lowest temperature at the onset of phase change. 
The onset of phase change or volatilisation could be dependent on the levels of 
unsaturated material present in the fuels. Saturated fatty acids have higher 
volatilisation energy requirements [1]. 
The volatilisation temperature of the fuels is important as these affect the onset of 
combustion. As COIL has a higher volatilisation temperature than diesel it will 
have poorer (engine) cold starting perfonnance. During the continuous engine 
operation at normal temperatures this does not have any noticeable negative effect 
on the engine performance. This is mainly due to the similar energy in flow 
characteristics of the fuels based on their calorific value (table 3.6). 
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6.5 Stoichiometric Air Fuel Ratio Determination for the Fuels 
Stoichiometric air/fuel ratios for the fuels were determined based on the results 
obtained from the elemental analysis and GLC. The stoichiometric air to fuel ratio 
is the chemically or theoretically correct proportions of air with just enough 
oxygen to completely combust a fuel. The stoichiometric air/fuel ratio depends 
upon the fuel composition. Therefore, since the fuels used are component fuels 
with varying carbon numbers, air/fuel ratios were determined based on the 
percentage composition of each component in the fuel. The overall equation for 
the complete combustion of a hydrocarbon fuel is as given below[4]: - 
4 
CH+(n +1 
40+ 
37731\ýý =n Co + 
mfiýO +3773 
(n 
+ n ni 22 (6.5) 
Here n and m are the relative proportions (or numbers) of carbon and hydrogen 
atoms. 
Since coconut oil and its derivatives are oxygenated ftiels the level of oxygen 
content in the ftiel was taken into account while calculating the air ftiel ratios. 
For stoichiometric mixtures including the fuel oxygen the equation was written as 
follows [4]: - 
CHO+ +3773N)=n +nH +3m(X)N nmr 
(Xý02 IýD 
22 20 2 
where X =(n+ 
m--r Here n, m, and r are the numbers of carbon, hydrogen 4i 
and oxygen atoms respectively. The air/fuel ratio including the oxygen component 
was determined using equation 6.5.2, where 12,1 and 16 are the atomic weights of 
carbon, hydrogen and oxygen. 
A X(l 3 8.25) 
F (I 2n + Im + 16r) 
(6.5.2) 
The above equation 6.5.2 can be used for fuels without oxygen by equating r to 
zero. The calculated value for air/fuel ratio for coconut oil fuels without oxygen 
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was determined as 14.62, and with oxygen it was 12. The calculation of the 
air/fuel ratio using the results from the GLC and the elemental analysis above 
enables the composition to be determined as C50 compound and of molecular form 
C50 H10006- 
The air/fuel ratio determination for diesel was based on results of the elemental 
analysis and was calculated as follows. 
Stoichiometric amount of air required for I kg of fuel LO equals: - 
1 (C HS. 
x 28.96 Lo = 0.21 x++ 
ý3- 0) 
(6.5.3) 
12 42 
where C, H, S and 0 are the mass fraction of carbon, hydrogen, sulphur and 
oxygen in the fuel [5]. The results of the computation using the percentages of the 
av above components from the elemental analysis showed that the air fuel ratio for 
diesel is 14.32. Similar computations based on the results of the elemental 
analysis were perfonned for all other fuels and are given in Table 6.5.1. 
Table 6.5.1 Air/Fuel ratios determined based on the results of the 
elemental analysis 
Fuel Diesel COIL COME COEE 
A/F ratios 14.32 11.51 12.10 12.00 
The results show that under the same engine operating conditions coconut oil 
based fuels require approximately 10% less air (oxygen) than diesel fuel to attain 
complete combustion. Since the engine was not modified in terms of volumetric 
flow of air or fuel (to compensate for the difference) the excess oxygen had a 
positive effect on the reduction of engine exhaust gas emissions. 
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6.6 Anal sis of Fuel Sprav Measurements 
A comparative fuel spray test was carried out as explained in Chapter 4 to 
understand the behaviour of the fuels during fuel injection. The results derived 
from the test data are presented here. The individual fuel sprays, spray penetration, 
fuel spray velocities, and spray cone angle were measured, using high speed 
photography. 
6.6.1 Fuel Sprav Penetration and Sprav Velocity 
The results of the fuel spray tests for COEL, COME, COEE and diesel are 
presented here. In addition the fuel spray penetration (as explained in chapter 4) 
was experimentally determined for all the fuels and is plotted in Figure 6.6.1a as 
spray tip penetration versus time. 
400 
350 
300 
25D 
Z 
200 
>ý 15D 2 
CL 0 
100 
50 
0 
Figure 6.6.1 a Spray tip penetration as a function of time. 
It is seen from Figure 6.6.1 a that fuels with higher viscosity have greater 
penetration rates. It is also shown in section 6.7, Table 6.7.1 that the droplet sizes 
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were greater for fuels with increasingly higher viscosities. The increase in viscosity 
increases the fuel line pressure thus causing an increase in velocity and an 
associated increase in spray penetration. The spray penetration equation of Dent 
[4] used earlier gave good correlation at the early part of the injection for the 
experimental results presented in Figure 6.6. Ia. Figure 6.6.1 b shows spray mean 
velocity against time. It is seen that spray velocity at a given time is greater for the 
more viscous fuels. The higher velocity of the spray from the more viscous fuels 
enables the spray to cover a longer distance in a given time. Care should be taken 
in IC engines to avoid wall wetting problems that can arise from this extra 
penetration length as they can lead to improper combustion and also to 
contamination of the lubricating oil. According to Khan et al [6] and Naber et al 
[7] during the initial part of the fuel injection (close to the injector) the speed of a 
fuel spray reaches speeds above 130m/s. As the spray develops the spread of the 
spray results in a loss of speed, therefore, the greater the degree of core break-up 
the slower the overall speed. The spray tip velocity measurements as presented in 
Figure 6.6. lb (taken at 5ms time intervals) show that the coconut oil based fuels 
have higher initial jet velocities than diesel. Also COIL with the highest viscosity 
reached the maximum velocity of 41 m/s, while COME and COEE fuel reached 40 
m/s at the early part of injection. The values for spray penetration and velocities 
measured for diesel (38 m/s) are comparable to the experimental results presented 
in reference [8]. 
50 
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Figure 6.6.1 b Spray tip velocity versus time 
137 
Chapter Six Results and Discussions 
6.6-2. uel Spray Cone Ang-le 
The cone angles for the fuel sprays were measured and are presented in Figures 
6.6.2a to 6.6.2d together with the spray tip velocities. 
Cone angle 0 in 
degrees 
Figure 6.6.2a 
COIL 
Fuel spray cone angle and 
spray tip velocities measured 
at 5 ms time intervals 
Cone angle 0 in 
degrees 
Figure 6.6.2b 
COME 
Fuel spray cone angle and 
spray tip velocities measured 
at 5 ms intervals 
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Cone angle 0 in 
degrees 
Figure 6.6.2c 
COEE 
Fuel spray cone angle and 
spray tip velocities measured 
at 5 ms intervals 
Cone angle 0 in 
degrees 
Figure 6.6.2d 
Diesel 
Fuel spray cone angle and 
spray tip velocities measured 
at 5 ms intervals 
Table 6.6.2 Theoretically and experimentally determined spray 
cone angles in degrees. 
Cone Angle 00 00 00 00 
Fuel COIL COME COEE Diesel 
Calculated 3.71 3.78 3.79 3.86 
Experimental 5.00 4.50 4.00 4.50 
Spray angle and spray tip penetration were measured with a constant rate of fuel 
injection into quiescent air. The fuel injection delivery settings were fixed to spray 
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equal volumes of fuel while frequency of injection was kept constant. Although 
these parameters were fixed it was noticed from the fuel injection line pressure 
measurements that the more viscous fuels developed higher fuel injection line 
pressures, thus increasing the initial fuel jet velocities. It was also observed that 
coconut oil based fuels had higher penetration rates and produced a slightly wider 
spray angle at the start of the injection. This is mainly because these sprays 
contained a wider range of droplets. The larger droplets appeared to travel faster 
than the smaller droplets and remained around the periphery of the cone, thus 
slightly increasing the diameter as shown in Figures 6.6.2a - d. 
The theoretically and experimentally determined values of cone angles are 
presented in Table 6.6.2. The experimentally determined values for the tested fuels 
followed a similar pattern to the theoretically calculated values based on empirical 
formulae (4.10) given in Chapter 4. 
The results of the experiments show that the increase in viscosity of coconut oil 
based fuels produce sprays with increased fuel penetration rate, and also with a 
slightly increased cone angle at the start of injection. COME and COEE with 
lower viscosities than COIL produced sprays with reduced cone angles which is 
the opposite of what might be expected. Generally an increase in fuel viscosity 
resulted in an increase in penetration with a comparative decrease in the cone 
angle [9]. The viscosities of COIL are much higher than diesel fuel, therefore, it 
was expected that the penetration would be increased with a decreased cone angle 
thereby causing fuel impingement on the chamber walls. However, in this case, 
the fuel injection pressure increased, thus increasing the fuel injection velocity and 
spray angle which is in agreement with reference [10]. A clear dependence of the 
spray penetration on feed pressure emerges, that is when fuel injection pressure 
increases the spray penetration also increases. Arai et al [11] found that the break 
up length of a nozzle is very much affected by the geometric sizes of the nozzle, 
and the break-up length takes the minimum value at L/D =4 (L/D dimensionless 
value of nozzle hole length to diameter) and forms a more "bushy" spray. Also 
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Arai et al. [I II found that nozzles with L/D =4 produced the maximum cone 
angles for constant injection velocities. 
6.7 Droplet Size Measurements 
Fuel droplet sizes were measured using a Malvern 2600c particle sizing unit [45]. 
The droplet size measurements were carried out for all fuels using the method 
detailed in Chapter 4 (section 4.7). The measurements were done at various axial 
distances from the nozzle and were found to be repeatable for all the fuels. For 
convenience the Malvern data is imported to a simple spreadsheet and the results 
are presented here in graphical form. The graphs in Figures 6.7.1 to 6.7.4 represent 
the results of the spray droplet size distribution measurements in percentage 
volume. 
The Sauter Mean Diameter (SMD) of the Droplets measured by the Malvem 
instrument as described in Chapter 4 (section 4.7) are presented in Table 6.7.1. 
The calculated SMD value of diesel for a 10.5 mm 3 (injection volume) is 20.85 
ýtm and for the same injection volume the measured value is 20.40 ýtm. These 
figures indicate that the optically determined and the calculated values are 
sufficiently close. 
Other factors that affect the mean droplet diameter of diesel fuel sprays are the 
nozzle length/diameter ratio which is a constant for the nozzle, fuel viscosity and 
surface tension [12]. From this study it is seen that COIL, having higher viscosity 
and surface tension than diesel fuel, produced larger diameter droplets than diesel, 
Figure 6.7.1-4. 
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Table 6.7.1 Shows the summary of the average Sauter 
Mean Diameters (SMD) of the fuels. 
Fuels tested COEL 
SMD(ýtm 
COME 
SMD(pm) 
COEE 
SMD(ýtm) 
Diesel 
SMD(pm) 
Experimental 
11 
30.7 18.5 
11 
19.6 20.4 
1 
From Table 6.7.1 it is seen that COEL produced the largest droplets when 
compared to the other three fuels. Figure 6.7.5 shows the variation in droplet sizes 
measured at different axial distances from the nozzle for the fuels. 
40 
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0 
COIL COME 
--------COEE Diesel 
50 70 90 110 130 150 170 190 210 
Axial distance (mm) 
Figure 6.7.5 Sauter Mean Diameter of Droplets 
along Nozzle Axis (RO = 0) for the fuels 
Figure 6.7.5 shows that the Sauter mean diameter (SýM) of the spray droplets 
decreased slightly along the axis as the jet travels away from the nozzle. This is 
mainly due to atomisation of the spray and the loss of inertia and momentum to the 
surrounding medium. This causes the smaller droplets to lose their velocities much 
faster and to fall behind the larger ones. So as the distance from the nozzle 
increases the fraction of larger droplets is greater and the SMD increases. This fact, 
seen from the droplet size distribution presented in Figure 6.7.5, is in agreement 
with the works of other researchers [13][14][15]. The results show that although 
the viscosity of the coconut oil based fuels is higher than diesel, the expected 
increase in the droplet size was overcome by the overall increase in the fuel 
injection pressure for COME and COEE. The main reason for the increased line 
pressure during injection may be the lower compressibility (higher bulk modulus) 
of the vegetable oil based fuels [16]. This suggests that there is an upper 
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limit for the viscosity and a lower limit for fuel injection pressure to form a fine 
spray droplet distribution. 
6.8 Atomisation 
According to [17][18] the onset of the atomization process of the spray plume at 
the nozzle exit begins if the following two conditions are met: 
RF PF 
PG 
Re' 1 (6.8.2) (WeF) T 
where: 
PF = Density of fuel 
pG = Chamber gas density (air) 
k= 18.3/A 0.5 nozzle constant depending on the nozzle geometry range between 
6-12 [4]. 
A= Constant for given nozzle geometry (here A=4.11) 
where A= [3 + (LO/do)/3.61 
Lo/do =4 
do = (0.2mm) nozzle orifice diameter 
Lo = is the nozzle orifice length 
. -. k=9.03 
ReF Reynolds number at nozzle exit (for ftiel) 
ReF Ujdc/VF 
WeF Weber number 
WeF =-- PFUjdn/ý3F 
Uj = fuel jet velocity (m/s) 
do = nozzle orifice diameter (m) 
VF = fuel kinematic viscosity (m 
2 /S) 
VF ""ý ý4/PF 
PF = Fuel viscosity 
PF = Fuel density 
CYF= Fuel surface tension 
PG = P/RT Here P= ambient pressure (Pa), R= universal gas constant (287.1 
J/kgK), T= temperature (K). 
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PG = 13.09 kg/m 3 (Inside combustion chamber, P=30x 10 5 Pa, T= 798K) 
PG = 1.3 k g/M3 (under atmospheric conditions at P=1.01325 x 10 5 Pa, T= 298K) 
Subsc * 
F =Fuel 
G =Gas 
0 =Orifice 
For example the design criteria for COME is calculated as follows: 
As per equation (6.8.1) 
where k =18.3/A 0.5 
using A 4.11 
k9 
Hence 
PF 877 kg/m 
3 
pG 13.09 k g/m 3 
(PF/PG) 1/2 <- 
1/2 (PF/PG) 
. *. (877/13.09)1/2 = 8.18 <9 
Therefore COME satisfies the criteria given in equation 6.8.1. 
Equation (6.8.2) which can be rewritten as: - 
PFIPG(GF/ Uj[tF) 
2>I 
And again using the values for COME: 
CYF= 0.0231 N/m 
Uj = 40 m/s 
9F = 4.7 x 10-3 N. s/m 
2 
The equation can be solved 
877/13.09(0.0231/40*4.7* 10-3)2 =I. 01 >, 
Therefore COME also satisfies the criteria given in equation 6.8.3. 
(6.8.3) 
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The above values for both equations suggest that an acceptable spray atornization 
occurs for COME. 
If equation 6.8.2 is not satisfied, that is if the value is <1, then according to Reitz 
et al [17] acceptable fuel spray can be achieved if. -- 
(PFIPGx WeF/ ReF) 1/3 <- k (6.8.4) 
The comparison of values computed using the above equations (6.8.1), (6.8.3) and 
(6.8.4) are given in Table 6.8 
Table 6.8 Comparison of values determined from the spray equations 
Fuel COIL COME COEE Diesel 
Re = (Ujd0PF)4tF 2.87 x 10" 1.49 x 10 3 1.51 x 10-' 1.45 x 10-' 
We = (PFUi'do)/a 0.90 x 10 
4 1.22 x 
104 1.13 x 10 0.81 x 10 4 
(PF/PG) k (k = 9) 8.33 8.18 8.14 8.01 
PF/PG(ReF/ 0.07* 1.01 1.19 2.06 
(PF/PG X WeF/ ReF) 
k 
12.6* 
I 
8.01 
I 
7.75 7 
II 
* The design criteria for COIL is satisfied at temperatures above 40'C 
The values presented in Table 6.8 show that an acceptable spray jet atomisation 
should occur for all the fuels except for COIL injected at ambient temperatures. 
6.9 Air Entrainment 
The local air entrainment rate along a spray is proportional to the ambient gas 
density (PG)ý, the orifice diameter (do), the injected fuel jet velocity (Uj) and 
tangent of the spray dispersion half angle (0/2) [7]. 
Entraimnent oc PG. do. Uj . tan(0/2). 
(6.9.1) 
This proportionality from [7] helps to explain the penetration results. The constant 
local air entrainment rate implied by the above equation is supported by the direct 
measurements of the air entrainment by transient sprays from diesel injectors 
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under atmospheric conditions [ 19,20,2 1 ]. From the above study it is known that 
increasing the Uj decreases the spray droplet sizes and also increases the spray 
cone angle for COIL thus facilitating increased air entrainment and spray 
evaporation. Increasing the PG increases the droplet diameters while decreasing 
the do decreases the spray droplet sizes thus increasing the spray break up and the 
air entrainment. 
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6.10 Engine Tests 
Engine tests were done on a single cylinder direct injection Lister-Petter diesel 
engine operating on the test fuels as explained in Chapter 5. The engine 
performance tests were based mainly on the measure of brake parameters. In 
addition to these, for each fuel, engine exhaust emission levels were measured at 
every testing point. Combustion analysis in terms of ignition delay, heat release 
and fuel bum rate were also determined and compared with conventional diesel 
fuel. Engine lubricating oil level was continuously monitored and oil samples 
were taken at 100 and 200 hour intervals for the endurance test and were analysed 
for possible contamination. 
6.10.1 Engine Brake Power 
An initial assessment of engine brake power versus speed was carried out for all 
the test fuels and was compared with conventional diesel fuel as shown in Figure 
6.10.1. The power generated was almost the same for all the fuels except that 
COIL produced about 10% less power compared to diesel. The reduced power is 
believed to be consistent with the lower calorific value of the fuel. The higher 
vaporisation temperatures associated with the fuel as shown in the results of the 
TGA and DSC analysis presented in Table (6.3.1 and 6.4.1), together with the 
increased mean droplet sizes of the fuel spray as presented in Table (6.7.1), will 
have a negative effect on the combustion of the fuel. The engine reached 
maximum brake power at around 3000 rev/min. The values obtained from the 
engine tests for the diesel fuel agreed well with engine manufacturer's figures. The 
comparative analysis test done on the power performance for each fuel after the 
durability test remained much the same, indicating that the fuel did not have any 
adverse effect on the engine during the test period. 
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6.10.2 Enginejorque 
The engine torque output versus speed is shown in Figure 6.10.2 showing the 
same trend as power in Figure 6.10.1. The plot for the diesel fuel matches well 
with the manufacturer's pattern for the engine. From the figure it is seen that 
torque output of COIL is about 10% less, while the maximum torque positions for 
COME and COEE are shifted to a higher rpm than diesel fuel. 
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Chapter ix Results and Discussions 
In the following discussion reference is made to engine speed. Clearly, some of 
the changes described will be due more to changes in torque rather than speed, but 
speed has been used for clarity. 
6.10.3 Brake S[3e ific Fuel ConsumDtion 
The brake specific fuel consumption (bsfc) is a measure of the rate of fuel 
consumption per unit brake power. The bsfc versus engine speed as shown in 
Figure 6.10.3 is slightly higher for the coconut oil based fuels when compared 
with diesel fuel oil. The increase in fuel consumption by 2-10% appears mainly 
due to the difference in calorific value of the fuel. The decrease in the fuel 
consumption for the ester fuel compared to COIL is believed to be due to the 
difference in fuel atornisation at the nozzle exit. Fuels like COIL with increasingly 
higher viscosities produced larger fuel droplets thus causing a much slower rate of 
combustion. 
6.10.4 Brake Thermal Efficiengy 
The brake thermal efficiency versus engine speed in Figure 6.10.4 shows that 
except at maximum torque speed range the thermal efficiency of COIL was 
slightly less than diesel. The thermal efficiency of the ester fuels was about 2% 
higher than for diesel. For all the fuels the maximum brake thermal efficiency 
corresponds to the maximum torque, while for COME it occurs at a higher speed 
than for the other fuels. The trend shows that although thermal efficiency of COIL 
equals that of diesel at some operating points, the thermal efficiency decreases 
with the increase in viscosity of the oil. As fuel viscosity was found to be the most 
different physical property of the fuels, the consequences of the difference were 
considered. The Reynolds numbers (Re) given in Table 6.8 determined for the 
nozzle exit conditions show that the values were considerably different for COIL 
than for the ester fuels. The Reynolds numbers determined for the ester fuels were 
slightly higher than for diesel fael. The nozzle used during the engine and fuel 
spray tests meets the atomisation criteria set by Reitz and Bracco [17]. However, 
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the lower jet exit Reynolds number for COIL probably adversely affects the fuel 
atornisation process. According to [16][17] the result of these nozzle exit flow 
characteristics would be poor air-fuel mixing due to the reduced amount of air 
entrained by the fuel spray. For comparing fuels with varying mass based calorific 
values the thermal efficiency would be the most appropriate parameter to use to 
assess an engine's ability to bum a specific fuel. The improved thermal efficiency 
of COME and COEE could be due to increased nozzle flow characteristics during 
injection. The results of the fuel droplet size measurements confirm the reduced 
fuel droplet sizes of these fuels when compared to diesel fuel. This together with 
relatively low fuel volatilizing temperatures as seen from the TGA and DSC 
results (Table 6.3.1) could be the cause for the improved combustion properties of 
the ester fuels. The brake thermal efficiency of an engine is defined as the ratio of 
energy in the brake power developed to the supplied fuel energy and is expressed 
as follows: 
17T = 
3600_* 
77 bsfc * Hv 
where bsfc = brake specific fuel consumption (bsfc = 
(6.10.4) 
f) in g/kWh, TI, p 
combustion efficiency while Hv = the fuels heating value in MJ/kg. 
Therefore, the higher the fuel consumption and the heating value, the lower the 
fuel conversion efficiency, leading to lower thermal efficiencies. Therefore, it is 
very important to consider these two parameters as a whole rather than one single 
factor to determine the fuel's ability for an efficient combustion. However, in the 
case of coconut oil based fuels it is believed that the increased fuelling 
compensated for the reduced heating value of the fuels thus increasing the thermal 
efficiencies of the engine at maximum torque speeds. The reason for the improved 
thermal efficiency of the engine when running on vegetable oil fuels is believed to 
be caused by the increased fuelling into the combustion chamber due to reduced 
back leakage of fuel from the injectors owing to the high viscosity of the fuel [22]. 
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Chap ter Six Results and Discussion 
6-II. Enaine Emissions 
Engine emissions for all the fuels were measured using the method explained in 
Chapter 5 section 5.4. The measured parameters were the concentrations of carbon 
monoxide (CO), carbon dioxide (COA hydrocarbon (HC), nitrous oxides (NOx) 
and smoke in Hartridge Smoke Units (HSU) units at varying load-speed 
conditions. 
6.11.1 CO Concentration 
The variation in the levels of CO concentration relative to engine speed is 
illustrated in Figure 6.11.1. As the (fuel/ air) equivalence ratio increases due to the 
decrease in speed the CO emission level increases for all the fuels, but this 
increase was found to be less severe for the ester fuels COME and COEE. It is 
believed that the reason for the difference is mainly due to the leaner mixture 
when burning the ester fuel, resulting from the availability of the additional 
oxygen contained within the fuel. CO concentration in the exhaust increases 
steadily with increasing equivalence ratio, as the amount of excess fuel increases. 
6.11.2 C02 Concentration 
The C02 concentration shown in Figure 6.11.2 indicates that the emission using 
ester fuel is slightly higher than COIL but remains much less than diesel fuel. The 
emission levels for the coconut oil based fuels remained much reduced at higher 
speeds. C02 emission levels remained below 10% for all the fuels at all speed 
ranges. The lowest emissions (about 16% less C02 emissions) occur with COIL 
fuel, but all four fuels come together at the lowest value at the maximum speed. 
6.11.3 HC Concentration 
The exhaust hydrocarbon (HQ concentration found in the exhaust are shown in 
Figure 6.11.3. It may be seen that the HC emissions recorded for the ester ftiels are 
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less than that for COIL and diesel fuel. HC emission generally means unburned 
fuel in the exhaust. When the engine is run on COIL the concentration of HC 
emissions is slightly higher than diesel at some speeds whilst COME showed the 
lowest levels within the test range. The main cause for the slight increase in HC 
emissions could be because of the increased fuel droplet sizes together with 
increased fuel volatilisation retention times. Both these combined could adversely 
affect the combustion of COIL within the combustion chamber, although the 
results did not show a significant change. It is seen from the graphs that the HC is 
maximum at high speed light load conditions. 
6.11.4 NO Concentration 
The NOx concentration versus engine speed obtained from the experiments are 
illustrated in Figure 6.11.4. It is seen that there is considerable drop in NO,, 
concentration when the engine is burning COIL and ester fuel at speeds in the 
region of maximum torque when compared to diesel. The main cause for the 
increase in NOx is high cylinder combustion temperatures in the presence of 
oxygen. As the speed is reduced the NO,, concentration increases due to the higher 
cylinder temperatures. Here, in the case of COIL and ester fuels the high 
volatilisation temperature of fuel slows down the intensity of fuel combustion, 
thereby reducing the cylinder temperature and the levels of NO, 
6.11.5 Smoke Opacity Levels 
Smoke opacity versus engine speed obtained from the experiments is illustrated in 
Figure 6.11.5. Generally the HSU % concentration of smoke is low for ester fuel 
at all speeds except for COEE at low speeds. At high speeds COIL and diesel 
showed similar values but the ester fuels gave a significant reduction. 
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Chgj2ter Six Results and Discussions 
6.12 Measurement of Incomplete Oxides of Hydrocarbons 
Like CO the incomplete oxides of hydrocarbons, the toxicity of the aldehydes is 
very high. 
Normally the engine exhaust gas emissions contains about 10 - 100 ppm of 
aldehydes, and these are composed of formaldehyde (HCHO), acetaldehyde 
(CH3CHO), acrolein (CH2 =CHCHO) and others. The tests for aldehydes were 
carried out by following the method explained in Chapter 5 on exhaust emission 
measurements. 
6.12.1 Aldehydes 
The incomplete combustion of fuel in IC engines produces aldehydes of varying 
nature and greatly depends on the type of fuel used. Fuels include petroleum based 
ftiels like petrol and diesel, bio-faels like vegetable oils, methyl and ethyl esters, 
methanol, ethanol and gaseous fuels like propane and methane. Depending on the 
fuel, it is known that the presence of methanol or methyl esters produces 
formaldehyde as the primary aldehyde in the exhaust, while ethanol or ethyl esters 
produce acetaldehyde as the primary aldehyde. 
Aldehydes in the atmosphere are considered to be one of the most significant 
contributors to ozone formation. 
Formaldehyde and acetaldehyde are found to be toxic and possibly carcinogenic 
[23], while acrolein is considered as hazardous[24]. The allowable concentration 
for continuous exposure are 2 pprn for formaldehyde, 100 pprn for acetaldehyde 
and 0.1 pprn for acrolein [241. 
It is also believed that acrolein is formed during the combustion of vegetable oil 
fuels containing triglycerides [25]. Therefore, since COIL consists mainly of 
triglycerides, exhaust samples were taken to determine the levels of aldehyde 
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(acrolein) emissions. This is mainly derived from the pyrolysis of glycerol after 
the glycerol has split from the triglyceride fatty acids. During the esterification 
process the glycerol part was removed, therefore, only COME was tested and used 
as a reference. 
The exhaust gas analyses for aldehydes were done using dinitropheny1hydrazone 
(DNPH) derivative tubes using the method explained in Chapter 5 (5.5). The 
samples taken were analysed by an independent laboratory. The results of the tests 
for COIL and COME are presented in Table 6.12.1. 
Table 6.12.1 Results of the aldehyde concentration in the engine exhaust 
Test COIL COME 
Acetaldehyde on 2,4-DNPH <0.5ýtg <0.5pg 
Acrolein on 2,, 4-DNPH <0.5pg <0.5pg 
Formaldehyde on 2,4-DNPH 8.2pg 18pg 
The hydrocarbons in all categories tend to decrease in amount with increasing load 
at constant engine speed. For this reason the data in the above table was obtained 
from samples taken at 1800 rpm engine on moderate load (50% of max. power). 
The results of the samples show that the levels of acrolein and acetaldehyde in the 
exhaust of the fuels were <0.5ýtg (< 0.0005 ppm) which is considerably below the 
recommended level. The formaldehyde levels varied for the fuels between 0.006 
to 0.0146 ppm under the same load conditions but for both cases they were within 
the recommended safe limits. 
6.12.2 Gas Chromatography - Mass Spectroscopy Analysis of Engine 
Exhaust 
The exhaust gas samples collected on Tenax glass fibre filters and coconut 
charcoal filters were solvent extracted and analysed using the GC- mass 
spectroscopy method. The results of the analysis are presented in Figures 6.12.2a- 
4,6.12.2b-3 and 6.12.2c-5. The tests were done on two fuels (COIL and COME). 
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The sampling was done under the same engine running conditions as stated in 
section 6.12.1. The tests show that the exhaust contained almost the same 
compounds as found in the parent fuel. The results of the tests did not show any 
signs of the presence of polycyclic aromatic hydrocarbons in the exhaust. 
GC-Mass Spectroscopy specification [26]: 
Maker: - J&W Ltd, UK. 
Model Column: - DB5,15 metres, id 0.25mm. 
Column coating: - 5% Polyphenyl Siloxane on Polymethyl Siloxane 
Carrier gas: Helium 
Solvent used: - Hexane 
Sample volume: - 0.1 ml 
Temperature programmed: - Indicated on the figure. 
The temperature programmes used for each individual sample are indicated on the 
results sheet. The oven temperatures were started at 50*C and were raised to 
3 OO'C in steps of I O'C. 
The different compounds were identified by comparing their retention times. The 
peaks were then analysed using mass spectroscopy and the resulting mass 
spectrum consisted of a characteristic pattern of peaks representing molecular 
fragments with different mass-to-charge (mlz) ratios. Some of these peaks are 
structurally diagnostic (the pattern of the curves help to determine the nature of 
the contents). The software determined the contents of the peaks known to it, as 
presented on the graphs. Since the fuel did not contain any aromatic compounds 
no polycyclic aromatic hydrocarbons (PAH) were expected to be found in the 
exhaust. However, further studies need to be done using more efficient on-line 
analysis methods to see whether during the thermal decomposition of coconut oil 
based fuels any PAH's are found in the exhaust emissions. 
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6.12.3 a_cannuiDq-. Electron Micrographs of Soot Particulates 
Scanning electron micrography (SEM) was used to observe the structure of 
different soot particulates found in the exhaust of the fuel. Two groups of 
particulate samples were taken, one set from inside the combustion chamber 
(combustion chamber deposits) and the other collected from the exhaust. Pictures 
of both are presented in Figures 6.12.3a-k. The soot from the exhaust was collected 
on to glass fibre filters. The pictures were taken under varying magnifications 
depending on the size of the particles ranging from 50 to 50000 times. It is seen 
that during the combustion of COME and COIL the fuels produced much coarser 
particulates than diesel. The structure of the particulates too was found to be 
different and further observation showed that they were more porous in nature 
than diesel. The structure of combustion chamber deposit particles of coconut oil 
based fuels and diesel may be seen in Figs. 6.12.3a to 6.12.3d. The images are at 
1.4k magnification for all the fuels. A further increase in magnification shows the 
difference in the surface structure of the particles for the different fuels and this is 
presented in Figs. 6.12.3e to 6.12.3h. It may be noted from Figs. 6.12.3i to 6.12.3k 
that the structures of particles collected from the exhaust appear significantly 
different at the same magnifications. 
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Figure 6.12.3a COIL (Combustion Chamber Deposits) 
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Figure 6.12.3b COME (Combustion Chamber Deposits) 
Figure 6.12.3c COEE (Combustion Chamber Deposits) 
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There are some very clear differences in the micro-structure of the engine exhaust 
particulate samples of the different fuels used. The samples are seen to consist of 
primary particles (soot) agglomerated into aggregates (particulate). The particles 
range in appearance from clusters of spherules to clusters of platelets. These 
clusters may contain as many as 100-200 spherules ranging in diameters between 
25 to 150 mn. The sizes of the platelets tend to be 150 mn. The clusters of spheres 
and platelets are considered to be solid carbon particles (soot) and are variously 
termed the solids (SOL), solid particulate or soot component [27][28]. The diesel 
particulate matter is a combination of solid carbon particles surrounded by soluble 
and insoluble hydrocarbon as shown in Figure 6.12.3.1. 
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Figure 6.12.3d Diesel (Combustion Chamber Deposits) 
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Figure 6.12.3e COIL chamber deposits (I 5K magnification) 
Figure 6.12.3f COME chamber deposits (I 5K magnification) 
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Figure 6.12.3g COEE ehamber deposits (50K magnifleation) 
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Figure 6.12.3h Diesel chamber deposits (IK magnification) 
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Figure 6.12.3i COIL filter deposits (I 5K magnification) 
Figure 6.12.3j COME filter deposits (15K magnification) 
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The Figures 6.12.3b &c show mainly the carbon particles, whereas Figures 
6.12.3a &d show the agglomeration of carbon particles and hydrocarbons. Figures 
6.12.3 a&d show particulate matter similar to that exhausted from an engine 
during operating conditions where the oxidation of the condensable hydrocarbons 
was poor [29]. Total particulate matter (TPM) consists of an agglomerate of SOL 
and adsorbed in the SOL are hydrocarbons that can be removed using an organic 
solvent. These removable (solvent extractable) hydrocarbons are termed soluble 
organic fraction or SOF and S04 [29]. Also associated with the TPM may be 
droplets of liquid, condensed hydrocarbons and S04 particles as shown in Figure 
6.12.3.1. These hydrocarbons that are collected with the TPM are not volatile 
enough to exist in the vapour phase and are not adsorbed into the SOL. Also due 
to low SOL levels these fractions will also be removed as SOF by the organic 
solvent. Enhanced oxidation of the SOF during the combustion process would 
leave a more porous and less agglomerated particulate structure [30]. Due to the 
excess oxygen in the fuel the coconut oil based fuels produced a more porous and 
a less agglomerated particulate structure. Such a condition for diesel fuel was 
found to be potentially harmful to the environment and human health since the 
condensable (and mainly soluble) fraction of the particulate contains known and 
suspected carcinogens [3 0]. The chemical analysis of the soot particles showed 
very minor concentrations of aldehydes as stated in Table 6.12.1. As coconut oil 
based fuels contain no sulphur it follows that S04 will not be present in the TPM. 
From the results it could be concluded that COIL produced larger particles than 
diesel and these particles, since they are porous, could be exclusively SOF. Since 
the PAH content in the SOF is very low, and the particulate diameters are larger 
compared to diesel, it is believed that the potential health risk of such particulates 
are less than diesel particulates [3 1 ]. Further work needs to be done to analyze and 
to identify a more detailed spectrum of particulate sizes, the mass of SOF and its 
composition for the coconut oil based faels. 
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6.13 Com-parative Analysis of Engine Cylinder Pressures 
Engine in-cylinder pressure measurements were taken using the engine data 
acquisition system explained in Chapter 5. The change of in-cylinder pressure 
relative to crank angle was determined and analyzed for all the fuels. For each fuel 
the crank angle at which peak pressure developed within the cylinder was 
determined and was compared with diesel fuel in terms of magnitude and crank 
position. Factors affecting the peak pressure include the engine compression ratio, 
load, combustion duration and heat transfer in addition to the energy content of the 
fuel, specific heat and the quality of the fuel. 
The ability of an engine to generate work, and hence power, depends upon the 
generation of in-cylinder pressures. However, excessive and irregular pressures 
can cause adverse effects on the engine and should be avoided. Therefore, 
comparing engine in-cylinder pressure allows the effects of fuels used to be 
determined. 
6.13.1 Enaine Cvlinder Pressure 
The rate of change of cylinder pressure for all the fuels looks similar, although 
there is a slight difference in the magnitude of the peak and expansion pressures. 
As illustrated in Figure 6.13.1 the maximum cylinder pressures versus engine 
speed shows that COEE and COME developed about 2-3% lower pressures than 
diesel fuel while COIL developed about 6% less peak pressure under constant 
volumetric fuel flow conditions. Also, the figure shows that although the pressure 
curves were averaged over a number of cycles the trace is not smooth particularly 
at peak pressures. This was caused by the cyclic variability of the engine. Using 
cylinder pressure data combustion information can be obtained using equation 
6.13.1 a. [4] 
dQ dV 0 aTJ 
C* 
-P 
C* 
+ mf hf -- 
C& 
(6.13.1 
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Where U is the sensible energy ( sensible energy is the initial transformation of 
chemical energy into random molecular energy, as manifested by the rise in 
temperature accompanying the combustion process[32]) of the cylinder contents, 
hf is the sensible enthalpy ( the sensible enthalpy is changes in the heat content of 
a substance while its temperature changes [32] ) of the injected fuel, mf is fuel 
flow rate, p is the pressure, V- Volume and 
LQ 
is the difference between the 
dt 
chemical energy (heat released by combustion of fuel) and the heat transfer from 
the system. Since, in engines the heat transfer is from the system by 
thermodynamic convention it is a negative quantity. Therefore hf ';::: ý 0, then 
equation 6.13.1 a becomes 
dO n dQg,. dQh, 
=p 
dV 
dt dt dt dt 
dU 
dt 
1 b) 
From the above equation 6.13.1 b the apparent net heat release rate dQIdt is the 
difference between the apparent gross heat release rate dQgldt and the heat- 
transfer rate to the walls dQhldt, equals the rate at which work done on the piston 
plus the rate of change of sensible internal energy of the cylinder contents [4]. 
The integral of the gross heat-release rate over a complete combustion process (the 
analysis is an approximation within a few percent and is not exact since the heat 
transfer effect dQhldt is omitted ) equals the mass of fuel injected mf times the 
fuels lower heating value QLHv [4]. 
tend dQ,,, 
Q91 
f 
--ýýt = Mf 
QLHV 
Islart dt 
(6.13.1 
There are two common methods used to obtain combustion information from 
pressure data and they both assume that the cylinder contents are at uniform 
temperature at each instant of time during the combustion process [4]. One 
method yields fuel energy or heat release while the other method yields 
fuel mass 
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burning rate. The term apparent is used to describe these quantities since both are 
approximations of the real quantities which cannot be determined exactly. 
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Figure 6.13.1 Cylinder pressure versus crankangle for 
COEL, COME, COEE and Diesel 
6.13.2 Pressure versus Volume Curves 
The cylinder pressure readings together with the cylinder volume calculations were 
used to determine the indicated cycle work. Indicated cycle work is determined 
using the following equation: 
E exp. 
Wind f PaV 
scomp. 
(6.13.2) 
The indicated work is the integral of PdV from the start of compression to the end 
of expansion stroke as presented in Figure 6.13.2. The graphs together with the 
heat release curves can be used to evaluate the engine's performance on various 
fuels. Figure 6.13.2 shows that the indicated cycle work integrated over the period 
is about 2.5-9% less for coconut oil based fuels compared to diesel fuel under 
constant volumetric fuel flow. 
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6.13.3 Heat Release Analysis 
Apparent heat release for all the fuels was computed using the method suggested 
by Heywood [4]. The method described above in equation 6.13.1b is further 
simplified to assume that the contents of the cylinder can be modelled as an ideal 
gas. It assumes thermodynamic equilibrium (without any pressure waves and/or 
thermal gradients). Also, it assumes that the entire cylinder contains a 
homogeneous mixture of air and combustion products at each instant in time and 
maintaining compositional equilibrium in the chamber during combustion. It also 
neglects the fuel mixing and vaporising effects and assumes that burning takes 
place incrementally as homogeneous combustion with a uniformly distributed heat 
source. 
dQ,, 
p 
dV 
+ mcýl 
dT 
dt dt dt 
(6.13.3a) 
As stated in [4] using the ideal gas law, pV= mR T and with R taken as a constant, 
it follows that dplp +dVIV = dTIT . Using this criterion to eliminate 
T, the 
equation 6.13.3a was written as in 6.13.3b [4]. 
Q, dV c, V 
dP 
dt dt R dt 
dQ,, rp dV +IV. 
dp 
dt r-I dt r-I dt 
(6.13.3b) 
In equation 6.13.3b y is the ratio of specific heats, CPIC .. The appropriate range 
for 
,v 
for diesel engine heat-release analysis is 1.3 to 1.35 and normally the above 
equation is often used with a constant y value within this range. The expected y 
values for diesel engine heat-release analysis are those appropriate to air at the end 
of the compression stroke at temperatures just before combustion approximately 
1.35. For burned gases at the overall equivalence ratio just after combustion the 
value often is approximately 1.26-1.3. Y values can also 
be determined using the 
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following equation 6.13.3c evaluating over a small time step assuming that P P' = 
constant. 
dP 
v 
)p 
(6.13.3c) 
The results of the calculation showed that the y values for all the fuels were very 
similar before and just after the combustion. Therefore a constant y value was 
used during the apparent heat release calculation of all the fuels and the results are 
presented in Figure 6.13.3. The negative heat release during the ignition delay 
period is mainly due to the endothermic chemical and physical mixing process. 
Once the auto-ignition of the fuel commences the pressure rises entering the rapid 
or pre-mixed phase. The coconut oil based fuels especially COME and COIL 
experienced a slightly less ignition delay than diesel fuel. This confirms the results 
of the cetane tests using the cetane engine, showing coconut oil fuel and its esters 
having cetane numbers higher than diesel. Although the ignition delay period is 
shorter it is clear from the graphs that the overall heat released by COIL is lower 
than for COEE, COME and these in turn are lower than diesel. Also it is clear 
from the figures that the rate of combustion for COIL is lower than for ester fuels 
as the rate of heat release for COIL is higher than for ester fuels during the 
mixing-controlled phase. 
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6.13.4 Fuel Mass Burn Rate Analysis 
Fuel mass bum rate was analysed using the pressure versus crankangle data as 
suggested by Kreiger and Borman [33]. The calculations were carried out 
assuming that burning was taking place incrementally as a homogeneous 
combustion and acting as a uniformly distributed heat source. Following the 
method [33] the energy equation (6.13.1a) for the combustion chamber with the 
valves closed is written as: 
d_ (mu) = -P 
dV 
+ 
dQ 
+ hf 
dm 
dO dO dO dO 
Where m= total mass within the cylinder. 
u= internal energy of the cylinder contents. 
p= Cylinder pressure. 
V= Cylinder volume. 
(6.13.4) 
heat transfer within the combustion gas and cylinder wall. 
hf = enthalpy of fuel. 
0= time (crankangles in degrees) 
The internal energy u and the gas constant R were calculated from the equilibrium 
consideration as a function of temperature, pressure and equivalence ratio[34]. 
The heat transfer rate was calculated using the empirical correlation of Annand 
[35]. 
The energy equation and the ideal gas equation were then solved for the apparent 
fuel burning rate expressed as follows [33]: 
RT dV 
- 
16uop +I 
dQ 
- CB I dm V dO Op dO m dO 
m dO 00 +DOR u-hf +D 
uc 
490 R 00 
(6.13.4) 
where 
Here is the fuel/air ratio, the subscript 0 denotes the initial value prior to fuel A, 
injection and subscript s denotes the stoichiometric value. After deriving initial 
values of mass and equivalence ratio in the cylinder and cylinder pressure versus 
crankangle from the experimental data, the fuel burning rate can be determined by 
numerically integrating the above stated equations [33]. 
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6.13.5 Selection of Method 
In this study the simple first law method for calculating heat release rate as stated 
in equation 6.13.3b was used. Although this equation omits one of the most 
important effects, the engine heat transfer, the simplicity of the method outweighs 
the reduction in accuracy as this enables fast processing of the results. The net heat 
release calculated from the equation is gross heat release due to combustion less 
heat transfer to the walls,, crevice effects, the effect of fuel vaporization and the 
heating effect (this was omitted by neglecting the mass addition term in dU/dt) 
[4]. According to Heywood [4] this last term is sufficiently small to be neglected. 
Also, the enthalpy of vaporisation is less than I percent of the fuel's heating value 
while the energy changes associated with heating fuel vapour from injection 
temperature to cylinder compression air temperatures is estimated as 3 percent of 
the fuel heating value. The heat transfer integrated over the duration of the 
combustion period lies between 10 to 25 percent of the total heat released. 
Therefore, the graphs for heat release and heat release per percent fuel energy are 
plotted using equation (6.13.1c) and (6.13.3b), thermodynamics was used for 
calculating heat release rate from the experimental pressure versus crankangle 
curves. 
The effects of cyclic variability in engines greatly affect the heat release 
measurement [33] and were extensively studied and presented in the works of 
Gatowski et al [36]. Their work was based around developing a heat release model 
for assessing cyclic variability in combustion. Lancaster et al [37] addressed the 
number of cycles required to cancel out the effects of cyclic variability. Their 
study concentrated on the effects of cyclic variability on indicated mean effective 
pressures. It can be seen from their work that cyclic variability effects were 
reduced by averaging as few as ten cycles. Further improvement was achieved as 
the number of cycles averaged increased, but above twenty cycles the relative 
changes showed little improvement. 
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The pressure versus crankangle data used for the computation of heat release and 
mass burning rate was averaged over a large number of cycles (49 cycles). The 
percent mass burning rates computed from the experimentally determined pressure 
curves are presented in Figure 6.13.4 
6.13.6 Ignition Delay 
Ignition delay is defined as the time delay period from the start of injection of the 
fuel into the combustion chamber to the start of combustion. This can be 
determined from the change in slope of the pressure crankangle (P-0) diagram or 
from the heat release analysis curves presented in Figure 6.13.3. The points ab 
marked on Figure 6.13.3 show the ignition delay period for the different fuels. 
From Figure 6.13.3 it is known that the ignition delay period is less for coconut oil 
based fuels than for diesel fuel. 
Ignition delay period is mainly divided into two parts namely physical and 
chemical delay. The physical delay mainly includes the time required for the 
atomisation, vaporisation, mixing and heating of the fuel. The chemical delay 
depends on the property of the fuel and/or its components and depends on the 
fuels propensity for the development of flame or burning reaction rates. 
The results obtained from the heat release curves presented in Figure 6.13.3 are of 
both chemical and physical delays. 
The cetane number is also a measure of the total (both physical and chemical) 
ignition delay time. This is very much more dependent on the fundamental fuel 
properties such as density, viscosity, surface tension and distillation temperatures, 
than the chemical compositional effects. Since the cetane number is a total 
measure of the ignition delay it is moreover tied down to the testing apparatus. 
However,, the results of the cetane tests done on the cetane engine matched with 
the experimentally determined ignition delay obtained from the test engine in 
terms of an increasing cetane value decreasing the delay. Similar types of results 
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were stated in the works of Ryan 111 [38] on sunflower oil carried out in a 
combustion bomb. 
Since the ignition delay was measured for varying qualities of fuels they were all 
tested under the same engine brake load conditions. Here, in the case of ethyl, 
methyl ester and COIL fuels, COIL and methyl esters produced the shortest 
ignition delay. The reason being that, because of the lower volumetric energy 
content of methyl esters the engine received a greater volume of fuel per cycle, 
thus adding more parent fuel having the higher cetane value. From Figure 6.13.3 it 
is seen that although the ignition delay period for ethyl ester fuel was slightly 
longer the initial heat release was more intense than for methyl esters. 
From the experimental data the ignition delay time can be determined using the 
following equation. 
r IW 
(CA) 
rid (MS) 
0.006N 
(6.13.6a) 
Here zjd(ms) ignition delay in milliseconds, zid(CA) ignition delay in terms of 
crankangle degrees and N is the engine speed in rpm. 
The empirical formula developed by Hardenberg and Hase [39] for predicting the 
duration of ignition delay in DI diesel engines was used to correlate the 
experimental results obtained for diesel fuel. 
0.63 
21.2 
A) = 
(0.36 
+ 0.22 9, 
) 
exp E id (C A 
(RT 
(6.13.6b) i7190) ý7 ý12.4) 
Where SP is the mean piston speed in meters per second, R is the universal gas 
constant (8.3143 Rmol - K) and EA is the apparent activation energy, which is 
expressed as 
6189840 EA 
--,:, CN + 25 
(6.13.6c) 
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where apparent activation energy is in terms of cetane number (CN). It is known 
from the expression that the increase in cetane, number decreases the apparent 
activation energy. 
For equation 6.13.6b the values of T and p are estimated using the polytropic 
model for compression process. Where TTC = Tir, (' - 1) and pTC = pir, ", here rC is 
the engine compression ratio and index i indicates the inlet manifold conditions. 
Values for polytropic exponent for DI diesel engines under warm and cold 
operating conditions are from reference [4][39]. For warm engine polytropic 
exponent is given as n=1.34 and for cold starting as n=1.2. 
Table 6.13.6 Shows the ignition delay period measured from the engine and 
calculated values using equation 6.13.6b 
Fuel COIL COME COEE Diesel 
'Cid Experimental (ms) 1.217 1.213 1.278 1.250 
'Cid Calculated (ms) 1.216 i. 203 1.235 1.227 
The calculated values followed a similar trend to the experimentally determined 
values. The empirical correlation of Hardenberg and Hase [39] closely predicts the 
ignition delay intervals. 
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6.14 Fuel Inee tion Svstem 
The fuel injectors were tested on an external injector testing rig before and after 
the engine tests. On the external test rig the injectors were checked for the nozzle 
opening pressure, chatter, pressure drop and for possible (nozzle tip) leaks. The 
nozzle opening pressure for all the tests was initially set at 200 bar. After the 
initial tests on the rig were complete the injectors were fitted to the engine. 
During the engine tests fuel injection line pressure traces were taken at various 
time intervals for monitoring and comparison purposes. The results showed minor 
changes in pressure profile which tended to reduce after an initial settling period. 
The tests for COME and COEE did not show any noticeable deterioration after the 
20 hour test cycle. The results for COIL changed slightly. It was noted that there 
was a slow rise in fuel injection line pressures with time on the engine but the 
subsequent injector rig results after the 200 hour test cycle showed a very slight 
difference (increase) in injector nozzle opening pressure. The results of the test rig 
for the injector nozzles show that the nozzle chatter was very good with a normal 
pressure drop time of 20 seconds with no fuel leakage. 
6.14.1 Analysis of Fuel Injection Line Pressure Curves 
Fuel injection line pressure traces were obtained for all fuels just before the test 
cycle and these are presented in Figure 6.14. Ia. During the 20 hour test cycle no 
deterioration of the injection system was observed with only normal variations 
occurring during the period. The test results show that the pressure traces recorded 
before and after the 20 hour test cycles were very similar in terms of the 
magnitudes of maximum pressure "B", maximum residual "C" and final line 
pressure "A" as represented in Figure 6.14.1a. The values for points A, B and C 
for the four fuels extracted from Fig. 6.14. Ia are presented Table 6.14.1. 
It may be seen from the pressure traces in Figure 6.14.1 a that the nozzle opening 
duration is greater for coconut oil based fuels than for diesel fuel. This may be 
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caused as a consequence of lower internal leakages resulting from the higher 
viscosity of the coconut oil based fuels. A similar effect was noticed in the engine 
fuel consumption curves where a significant increase occurred in the mean 
volumetric fuel flow for the coconut oil based fuels. 
Table 6.14.1 Presents the values of points A, B and C 
as marked on figure 6.14.1 a 
at 1800 rpm COIL COME COEE diesel 
A 24.3 24.3 24.3 23.5 
B 543.1 494.3 493.1 480.7 
c 108.5 137.8 156.15 180.5 
The pressure traces show that the general pattern of the pressure curve for COIL 
was slightly different from the rest of the fuels. During the needle lift the 
magnitude of the maximum fuel injection line pressure was also seen to be higher 
than the rest of the fuels. However, the pressure traces for the final residual line 
pressures marked "A" were seen to be higher than for diesel fuel, while the 
maximum residual line pressures marked "C"were lower and were seen to settle 
away much faster as shown in Table 6.14.1. 
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6.14.2 EUd-iniagtian Line Pressure Analysis for the 200h Test Cycle 
The fuel injection line pressure curves for the 200 hour test cycle of COIL are 
presented in Figure 6.14.2a. Although it is seen from the figure that the peak 
pressure rose slightly during the test whilst only normal variations in the injector 
perfonnance were observed. 
From the three pressure traces plotted in Figure 6.14.2a for the new nozzle, and 
after 100 and 200 hours engine running time it may be seen that the general 
pattern of the curves did not change significantly. The pressure traces were 
obtained at peak torque speed at the beginning, half way and at the end of the test 
cycle at 1800 rpm. 
The amplitude of the final and maximum residual line pressure did not change 
during the test period, suggesting that injector nozzle needle sticking problems did 
not occur. Also, the pressure traces indicate that no secondary fuel injection took 
place during the tests. 
Table 6.14.2 Presents the values of the points A, B&C 
marked on figure 6.14.2a 
at 1800rpm 
points 
COIL 
new 
COIL 
100 hrs 
COIL 
200hrs 
A 24.3 24.2 25.8 
B 543.1 557.6 561.7 
C 108.5 114.5 134.4 
A- fmal residual line pressure, B- Maximum line pressure and 
C- Maximum residual line pressure. 
The results of the tests also show that the duration of injection remained the same 
for all the fuels and also for COIL during the 200 hour test period. At 1800 rpm all 
the fuels had an injection duration of 14 degrees crankangle. The pressure 
variations varied between ±3% for points A, B and C during the test cycle. 
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6.14.3 Aftmi-murn Iniection Pressure and Sham of Pressure Diaoram 
The results presented in Table 6.14.2 and in Figure 6.14.2a show that the 
maximum injection line pressure recorded for COIL after the 200 hour test cycle 
increased from 543.1 bar to 561.7 bar. This increase in maximum pressure without 
increase in injection duration has caused higher rates of pressure rise in the fuel 
injection system. A further rise could create the multiple fuel injection effect. 
However, increase in pressure sometimes has a positive effect on the brake 
specific fuel consumption helping to reduce the smoke levels of the engine. The 
increase in pressure increases the fuel spray velocity and thus reduces the spray 
droplet sizes thereby aiding in fuel atomisation and combustion. 
The increase in pressure for COIL could be due to build up of carbon and lacquer 
on the internal parts of the injection nozzle or to the orifice geometry. It appears 
that a non-optimal nozzle hole size and geometry can compensate for high 
pressure. However, non-optimal orifice geometry will not compensate for the 
higher rate and increased mixing energy [12][17]. During the engine combustion 
both these factors affect the engine performance. (In this study, for the nozzle used 
during the engine tests a slight increase in engine combustion process was 
observed when running on ester fuels). 
The shape of the pressure diagram also influences the fuel inlet characteristics to 
the combustion chamber. It is very important that the line is fairly steep at the 
beginning and at the end of the fuel injection in order to avoid fuel dribbling into 
the combustion chamber. The slow increase in pressure at the beginning of the 
injection was caused possibly by the needle lifting off its seat. The pressure 
increases until sufficient lift is developed for the fuel to flow through the orifice 
area. During the start of fuel injection (nozzle opening) the cylinder pressure will 
be relatively low compared with the nozzle closing period. As a consequence, the 
closing of the needle is much slower than opening, and this causes the 
formation 
of droplets with increased size due to the reduction of the pressure difference at 
the end of injection. These droplets which were created at the 
later part of the 
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injection period have little time to evaporate and are found to be responsible for 
the smoke emissions in direct injection engines [40]. 
Figure 6.14.1a shows that the pressure curve for diesel has a slightly steeper 
nozzle closing effect than coconut oil based fuels. However, the pressure effect at 
nozzle closing was small and the ester fuels behaved in a very similar fon-n to 
diesel. 
Sometimes nozzle opening pressures can decrease due to reductions in the orifice 
diameter and/or hindered needle mobility resulting from deposit formation within 
the nozzle and needle mating faces [41]. In such cases a change in fuel injection 
timing can be observed from the fuel injection pressure versus crankangle 
diagrams. In the case of COIL as shown in Figure 6.14.2a no such changes were 
observed. Typically during diesel fuel tests, changes in timing within 5 degrees 
from the standard did not have a significant effect on the engine performance [4 1 ]. 
6.14.4 Inaector Nozzle Hole Inspection 
All the four holes of the injector nozzle used in the 200 hour test cycle were 
checked for any major blockages using the scanning electron microscope. The 
results in Figure 6.14.4a show that the nozzle tip was reasonably clean. However, 
the tip was covered with a thin layer of carbon. The external nozzle hole 
measurement did not show a significant change in the hole diameter. As seen from 
Figure 6.14.4b one of the holes was lightly wiped off with a piece of cloth to get a 
better view of the inside edges and it was observed that the hole was fairly clear 
except for a very fine layer of soot. Further measurement obtained from the 
scanning electron microscope showed that the layer was less than a micron. 
6.14.5 Mechanisms Affecting the Nozzle Performance 
The main factors causing the build-up of carbon in the injector nozzle are 
believed to be for the following three reasons[41]: - Firstly, the tendency of the oil 
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to POlYmerise; secondly, due to the fuel remaining in the nozzle sac volume after 
the main injection and, thirdly, the fuel leakage from the nozzle passage to the tip 
of the sac cavity. Leakage may increase as a result of carbon build-up on the 
mating surfaces of the needle tip and seat. 
The nozzle tip sac has a high surface to volume ratio. As a result, when the nozzle 
tip temperatures rise the temperature of the fuel trapped within the sac volume 
increases very rapidly above 300'C. During this process part of the fuel trapped 
in the tip is forced out through the nozzle holes due to expansion and evaporation. 
Since this additional fuel is entering the combustion chamber in the latter part of 
the combustion cycle this portion of the fuel cannot be burned completely 
[42][43]. The unburned portion of the fuel thermally decomposes and forms 
carbon residue. The chemical composition of the fuel largely affects the carbon 
formation during combustion. It is believed that the heavier portion of the fuel 
plays the major role in the carbon formation during the combustion [41]. 
The cumulative effect of the carbon residue with the increasing engine running 
hours tends to cause injector nozzle needle sticking and secondary fuel injection 
problems. 
Excessive carbon and lacquer deposits on and in the fuel injection nozzle can lead 
to improper fuel atomization thus causing a reduction in power output. For proper 
combustion of fuel, the direct injection diesel engine largely depends on the 
quality of mixture formed in the combustion chamber. Therefore, to achieve a 
proper air-fuel mixture the complex spray characteristics should be carefully 
matched to the combustion chamber design. 
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Figure 6.14.4a Shows the SEM nozzle tip after 200 hrs for COIL 
Figure 6.14.4b Shows the nozzle hole diameters after 200 hrs for COIL 
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6.15 Engine Combustion Chamber InsDection 
Following the 20 and 200 hour test cycles for COME, COEE and COIL the engine 
was dismantled and the combustion chamber parts were visually inspected and 
photographed for qualitative analysis. The components were also measured to 
detennine the extent of carbon and other deposits deposited on the surfaces. 
Extreme care was taken during the engine dismantling so that the engine deposits 
remained undisturbed. The carbon, sludge and varnish rating were determined 
using the measurement scale suggested by the Coordinating Research Council 
(CRC) procedure [44]. This is a standardised rating system for rating diesel 
engines for deposits and wear. The engine deposits are rated on a scale of zero to 
ten with zero being a clean (new) engine and ten as a component having 3.175 mm 
thick deposits covering a 100% of the surface. This method is used on all 
components apart from valves. The valve stem rating is a measure of the stem 
portion covered with deposits and the value tulip rating are both determined by 
visual comparison with photographs covering ratings 0- 10 and which, in this 
case, do not depend upon depth of deposit. 
The following engine components were rated for deposits. Combustion chamber 
area including the area above the ring travel on the liners, cylinder head 
(combustion chamber surface), cylinder head inlet port, piston crown, piston ring 
grooves, piston skirt, piston undercrown. In addition to these the combustion 
chamber area including piston, cylinder liner, and fuel injection system was 
inspected visually for any wear damage like cavitation, pitting and/or scoring. 
Before dismantling the cylinder head, the thickness of the carbon deposits was 
measured using the non-contact laser surface profiler developed for the purpose as 
explained in section 5.5. 
6.15.1 Results of the Engine Deposit Measurements 
The results show a very fine layer of carbon deposit build-up on the internal 
surfaces of the combustion chamber. It was also noticed that after the 20 hour 
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engine tests on the ester fuel the deposit thickness was in the order of 0.2 mm and 
the chamber deposits consisted of very fine dry particles. Major changes in engine 
deposits were observed after the 200h test cycle on COIL. The deposit thickness 
ranged between 0.1 to 0.5 mm. The deposits found inside the combustion chamber 
were soft, slightly oily and looked more flaky as seen on the soot micrographs in 
Figures 6.12.3a-k. The deposit thickness was found to be not as uniformly spread 
as for the ester fuels. In some areas the soot depths were thicker than the rest and 
in certain areas further away from the nozzle a shiny residue was formed. It was 
suspected that the residues were formed from the unburned lubricating oil. 
6.15.1.1 Cvlinder Head and Valves 
Cylinder head carbon deposit thickness was measured for all the fuels. A more 
uniform deposit thickness layer was observed for the ester fuels than for COIIL fuel. 
For COEL, the measurements taken after the 200 hour test cycle showed a fairly 
uneven layer of deposits accumulated on the combustion chamber surface of the 
cylinder head. The results of the measun-nents are presented in Figure 6.15.1.1 a 
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Figure 6.15.1.1 a Surface profile of the cylinder head combustion 
chamber face showing the deposit layer. 
(COIL after 200 hours) 
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Following these measurements both valve seatings were checked for leaks and 
were found to be in good condition. The cylinder head was further dismantled to 
see the condition of the inlet and exhaust valves, valve guides and ports. The 
exhaust port and inlet port appeared clean. There were no major deposits on the 
exhaust valve and the valve mobility through the valve guide for both valves was 
observed to be normal. The major reason for carbon build up in the intake and 
exhaust ports is thermal decomposition of the fuel under light load conditions due 
to the delayed or after-buming effect. Improper valve timing or improper valve 
closure will affect the engine performance and also increase the carbon deposition 
process on the valves. Once this happens the carbon layer may act not only as a 
physical but also as a thermal barrier, thus further increasing the valve stem 
temperature and hinder the valve mobility along the valve guide. 
The valve timing chosen for an engine is important for achieving proper engine 
scavenging and exhaust. The engine valve overlap period is chosen to assist 
cooling of the exhaust valves. During the engine valve overlap period the exhaust 
gases may inadvertently reverse back into the inlet port, thereby creating 
conditions that may cause deposits to build up. This reverse flow is mainly a 
function of the ratio of exhaust pressure to inlet pressure and the kinetic energy of 
the gases. If this valve exceeds unity which may occur for the turbocharged 
engines under conditions of rapidly increasing load, exhaust gases will be forced 
into the inlet side. The mating surfaces of both the valves and their seats were in 
good condition. The thickness of the carbon layer formed on the exhaust valve 
stem was approximately 0.3 mm (a rating of 0.95). Pictures of the cylinder head 
and injectors (new and after 200 hours) are presented in Figures 6.15.1.1b and 
6.15.1.1 c in Appendix C. 
6.15.1.2 Cylinder Liner 
The cylinder liner was inspected for deposits and wear. Some carbon deposits 
were found on the upper part of the cylinder (above the ring travel space). The 
liner honing lines were very fresh and the liner was in very good condition. There 
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was no sign of exhaust carbon blow-by, liner wear or scoring. The average 
thickness of the carbon layer was approximately 0.4 min (a rating of 1.23). The 
quantity of carbon deposited on the cylinder liner would not greatly affect the 
engine performance but, depending on the nature of these deposits, may affect the 
engine life. The deposit layers at times could break off and pieces might get 
between the piston rings and the liner causing scoring of the liners. The picture 
illustrated in Figure 6.15.1.2a (Appendix Q shows the upper portion of the 
cylinder liner. 
6.15.1.3 Piston 
The inspection of the piston showed that the general condition was good. No 
piston surface scorings were found. The carbon deposits on the combustion 
chamber surfaces of the piston were of similar pattern to that of the cylinder head. 
The deposit layer inside the piston bowl was very uniform. A closer inspection of 
the piston bowl at the possible spray impact points showed very faint marks 
caused by the over penetration of fuel from the four hole nozzle. Although the 
deposit layer inside the bowl was quite uniform the colour of the deposits was 
found to be slightly lighter on the fuel impact areas. The inspection of the piston 
landing (the area above the top piston ring groove) showed some signs of soft oily 
deposits. The average thickness of the deposits was approximately 0.3 mm (a 
rating of 0.95) which is normal for diesel engines. For the ester fuels after the 20 
hour test the average thickness of the deposit on the piston landings was 0.2 mm 
(a rating of 0.63). The piston ring grooves were found to be clean except for the 
two top ring grooves. Some signs of deposits were found on the upper side of the 
top and bottom ring grooves. The deposits were very much dispersed and 95% of 
the upper side of the top ring groove area was found to be free of deposits. The 
piston ring showed signs of light carbon deposits on the outer surface. This is 
mainly due to the uneven formation of carbon deposit on the piston landing and on 
the upper part of the cylinder liner. This causes uneven distribution of cylinder gas 
pressure on the piston rings. Pictures of the piston after the 200 hour test are 
presented in Figures 6.15.1.3a and 6.15.1.3b (Appendix Q. 
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6.16 Radial Cylinder Temperature Measurements 
Cylinder temperature measured from the radially imbedded thermocouples 
showed the variation in cylinder temperature at various positions of the 
combustion chamber for the different fuels. 
6.16.1 Results of the Cylinder Temperature Measurements 
The results of the radial temperature measurements are presented in Figure 
6.16.1 
Figure 6.16.1a Schematic diagram of the cylinder indicating the positions 
of the embedded thermocouples. 
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Table 6.16.1 a Presents the temperature measurements recorded from 
the thermocouples at 1800rpm (after 20 hours). 
Thermocouple 
Points 
Temperature 
Readings in 'C 
COIL 
Temperature 
Readings in 'C 
COME 
Temperature 
Readings in 
0C 
Diesel 
1 134 138 140 
2 128 131 133 
3 120 121 123 
4 118 120 121 
5 123 124 126 
The results presented in Table 6.16.1 a show the variation in cylinder temperature 
for the different fuels at the constant engine load-speed of 18OOrpm. It also 
presents the variation in cylinder temperatures measured from the thermocouple 
points marked on Figure 6.16. Ia. From the results it is known that diesel produced 
the highest temperature readings while COIL produced the least. 
The readings taken after the 200 hour engine endurance test were very similar to 
the 20th hour readings and remained within a range of ± 0.25'C for the same 
speed. When comparing the results of COIL with the data obtained from the 
cylinder head combustion chamber deposit thickness measurements it is known 
that the areas with the least temperatures had the highest deposit thickness. 
4 
3 
2 
Figure 6.16.1 b Schematic diagram indicating the areas of increased 
deposit thickness on the cylinder head. 
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The reason for the temperatures remaining the same for the 20th and the 200 th hour 
period is believed to be that as carbon deposits built up they were being scraped off 
and either burnt or blown out as exhaust. Increased deposit thickness means 
reduced chamber volume and thus an increase in compression ratio of the engine. 
The increase in compression ratio increased the maximum pressure and 
temperature, thereby allowing more fuel trapped in deposits to evaporate which 
effectively reduces the layer. Since both these processes were happening 
simultaneously the thermocouples used were not sensitive enough to record the 
changes. The pressure crankangle curves measured for the fuel show the changes in 
magnitude in P. a.,. at different intervals of the test cycle for the same load-speed. 
These curves followed a cyclic pattern increasing and decreasing at an interval of 
approximately 50 hours. For the first 50 hours the P,,,,, x. rises and then it starts to 
drop down very rapidly and settles at about a P,,,,, x. reading of the 20 
th hour and 
heads up again as shown in Figure 6.16.1 c. 
68.5 
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67.5 
67 
1 66.5 
CL 66 
65.5 
65 
64.5 
Engine running hours 
Figure 6.16.1c Maximum cylinder pressure versus engine running hours for 
COEL 
6.17 Results of the Lubricatinq Oil Analvsis 
Lubricating oil analysis was carried for the samples taken after 100 and 200 engine 
running hours and were compared with that of the readings taken for an unused oil 
sample. 
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The Total Base Number (TBN) indicates the condition of the additive package in 
the lubricating oil. The higher the number means more additive is left in the oil 
and thus acts as an indicator for stating the condition of the oil. The TBN number 
was within reasonable range for both cases. 
Lubricating oil viscosity measurements show whether the oil has thickened due to 
contamination or debris collection. The viscosity levels were increased but were 
within reasonable range. 
The dispersancy value indicates the oil's ability to keep the dirt and debris 
suspended in the oil in order to assist filtration. During the filtration process the 
suspended particles are removed by the filters. 
The spectrochernical analysis shows the amount of wear metals suspended in the 
oil. The results of the analysis showed traces of metal iron, lead and copper in the 
oil but these were within reasonable limits. 
The results show that for both cases the lubricating oil condition was good. The 
results of the tests are presented in Appendix C. 
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Chapter 7 
Conclusions and Recommendation For Further Research 
7.1 Resource Availability 
From the data available on production of coconuts it is seen that there are 
sufficient resources available within the Maldives to produce enough fuel to 
support the energy supply requirements of the urban power generation systems. 
Currently, without any management of the plantation systems the resources 
available amount to an oil equivalent of approximately 1.7 million litres per year. 
The present day fuel consumption for the rest of the Maldives (excluding the 
capital Male' and the airports) amounts to approximately 1.4 million litres per 
year. This clearly shows that that there is a great potential for the development of 
this product in terms of financial savings, job creation and also of national security 
at times of fuel supply disruptions. 
7.2 Oil Production and Oil Quality 
This study has looked at modification of coconut oil obtained using conventional 
processes (cold pressed). The methods used to extract the coconut oil were simple 
and no intelligent machines were used that would require highly qualified 
expertise. Potentially this should make the production cheaper and more cost 
effective. The major problem associated with coconut oil based fuels is the high 
viscosity and high solidifying temperature due to the fuels high saturated fat 
content. In order to overcome the problems associated with high viscosity the 
fuels were modified. The processes led to the development of three types of fuels 
namely COME, COEE and a low gum content coconut oil (COIL) suitable for use 
in diesel engines as a fuel. 
222 
ConclusiOns and Recommendations for Further Researc 
* COME and COEE fuels are more volatile and can be used at 
temperatures as low as 1 OOC without fuel heating. 
* COIL can be used at ambient temperatures above 251C without any fuel 
system blockages. 
Since the ambient temperatures of the Maldives environment are above 251C none 
of the fuels showed any problems associated with the high solidification 
temperature of the fuel. 
The other major characteristic differences observed is in the quality of the fuel in 
comparison with diesel. The lower heating values of coconut oil based fuels is 
approximately 40MJ/kg as compared with 43 MJ/kg for diesel. The density is 
higher than diesel 0.91kg/l compared to 0.85 kg/I for diesel. Sulphur content of 
coconut oil based fuels are zero compared to 0.2% for diesel. The oxygen content 
of diesel is zero while coconut oil based fuels contain about 15%. Phosphorus 
content is approximately 9 ppm for COIL while for diesel it is zero. 
The results of the fuel volatilisation test show that the energy requirement for the 
phase change for COIL is 237 J/g compared to 165 J/g for diesel. 
7.3 Fuel St)rav Studies 
The injector nozzle used in the study produced an acceptable spray jet atomisation 
for all the fuels except for COIL at ambient temperatures of 25'C. For COIL to 
properly fulfil the theoretical criteria given in Chapter 6 the temperature of the 
fuel needed to be raised to 40'C. 
The spray penetration and fuel jet velocity for coil are higher than for diesel but 
the experimentally measured cone angle is greater. 
Spray droplet size measurements show the spatial droplet size distribution for 
COIL is higher than for diesel. The SMD for COIL is around 30.7[tm while for 
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diesel it is 20.4ýtrn. The SMD for COME and COEE are 18.5[tm and 19.6ýtrn 
respectively. 
7.4 Ena ne Performance and Emissions 
The results of the 200 hour engine durability tests show that COIL is a potentially 
suitable candidate as an alternative fuel in terms of performance and emissions. 
Comparing the results of the 20 hour tests on COME and COEE together with 
COIL and diesel show that the brake specific fuel consumption was highest for 
COIL. In general the power developed was slightly lower for coconut oil based 
fuels than for diesel under constant volume injections. This was caused mainly by 
the lower calorific value of coconut oil based fuels. The overall engine emissions 
for COIL, COME and COEE in terms Of C025 CO and HC were approximately 4- 
15% less than diesel, while there is a major reduction in NO,, emissions of 
approximately 25%. However, whilst the HC emissions for COIL are less than 
diesel by 3% the HC emission is about 12% higher than for the ester fuels. This in 
turn reduced the NOx emissions for COIL which is about 10% less than ester 
fuels. 
The results of the aldehyde measurements show that the aldehyde concentrations 
for COIL and COME were within safe limits, while for COIL the levels were 
much lower than for COME. 
The results of GC- mass spectroscopy of exhaust particulates did not show any 
signs of the presence of PAH's in the exhaust. This is mainly because the fuel 
does not contain any aromatics, and during combustion the formation of PAH is 
low, as a result it is lost during the collection and extraction process. 
Scanning electron micrographs of the exhaust showed that the particulate type and 
sizes of COIL, COME and COEE are different to diesel. The structures are more 
porous and the sizes are greater than diesel particulates. Although coconut oil 
based fuels produce particulates that are larger in size and are more porous it is 
224 
Conclusions and Recommendationsfior Further Research 
considered they are less damaging to health compared to diesel particulates. The 
reason being that the PAH contents in the particulate SOF are very much lower 
than for diesel. 
Combustion chamber inspection after the 200 hour endurance test on COIL 
showed no abnormal chamber wear or deposits. The chamber was reasonably 
clean. Similar results were obtained after the 20 hour tests on COME and COEE 
A non-intrusive laser surface profiler was developed to measure the combustion 
chamber deposit thickness. The profiler measured the surface height of the 
deposits indicating the thickness of the deposit layer at different places of the 
chamber. This data was then correlated with temperature measurements to identify 
the temperature relation to the surface deposit accumulation. It is seen that the 
areas with the lowest temperatures had the maximum deposits but in general the 
thickness of the layer is very much less than the squish height. The maximum 
deposit thickness of (0.55mm) was measured at the inlet side furthest away from 
the nozzle tip. The average thickness of the layer varied from 0.05 to 0.35mm. 
This is almost half the height between the flat surfaces of the piston top and 
cylinder head (squish height). The results of the indicated cylinder pressure 
readings also showed variation in maximum cylinder pressure at varying intervals 
of time. This suggests that the chamber deposit formation and removal vary the 
compression ratio of the engine thereby increasing or decreasing the maximum 
indicated cylinder pressure under constant load condition. The net results of the 
findings show that the initial accumulation (for the first 100 hours) was on an 
increasing trend and after that deposit formation and removal tended to settle at a 
higher equilibrium level. 
Inspection of the fuel injection system after the 200 hour durability test showed 
that the system was in good condition. No nozzle sticking or hole blocking effects 
occurred during the tests. 
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The engine used in the test was a standard (unmodified) single cylinder, direct 
injection diesel engine resembling a single unit of a multicylinder engine. The 
only specific nature of the engine is that it had a VCO (valve covering orifice) 
type of fuel injection nozzle. 
7.5 Conclusio 
The findings of the research show that COIL, COME and COEE produced from 
mechanically expressed coconut oil can be used as an alternative diesel fuel in 
direct injection engines at the ambient conditions of the Maldives. Also, these are 
carbon neutral fuels and therefore they are more environmentally friendly than 
fossil fuels. 
The type of engine used in this study is very similar to the engines used in the 
island communities of the Maldives. 
In terms of fuel production it is less labour intensive and more cost effective to 
produce COIL. Therefore, for the Maldives enviromnent, COIL would be the most 
suitable alternative. 
This study also developed a unique non-intrusive optical surface profiler that is 
capable of measuring combustion chamber deposits without harming the surface. 
7.6 Recommendations for Further Work 
Based on the research concluded in this study the following areas are 
recommended for further analysis. 
0 Longer ten'n testing of the engine (field trials) possibly up to 4000 
hours and to study the fuel effects on the performance of the engine and to 
monitor the combustion chamber deposit accumulation rate using the surface 
profiler. 
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0 Further work needs to be done to analyse and to identify a more 
detailed spectrum of the exhaust particulate sizes, the mass of SOF and its 
composition for the coconut oil based fuels. 
0 To study and to identify the chemical changes occurring during the 
transient injection and combustion of COIL, COME and COEE fuel. 
9 More work needs to be done on the option of fuel blending to reduce 
the viscosity for colder climatic areas other than Maldives (mixtures of COIL and 
diesel). 
* Further work is required to test and evaluate the fuel on different types 
of engines (e. g. multicylinder direct and indirect injection diesel engines). 
0 To develop a numerical combustion simulation model for the 
optimisation of combustion parameters using the results of the engine tests and the 
chemical and physical parameters experimentally deten-nined for the fuels. 
* Further work needs to be done to improve and to develop new and more 
economical methods for the production, harvesting and processing of coconut oil 
in the Maldives. 
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APPENDIX A 
APPENDIX A 
Fat type and souj: ce 1201 
- 
FAT TYPE SOURCE 
Coconut Lauric acid Cocas nucifera 
Fatly acid jype it's common name and the number of carbon atoms. [20] 
FATTY ACID AS REGISTRY NO: COMMON NAME No: Carbon 
atoms 
Tetra decanoic 1544-63-8} Myristic 14 
Dodecanoic 1143-07-71 Lauric 12 
Decanoic 1334-48-51 Capric 10 
Octanoic f 124-07-21 Caprylic 8 
FAT IODINE VALUE SAPONIFICATION VALUE 
Coconut oil 7.5-12 250-275 
Faft acid compositions and physical properties of coconut copra oil. [20] 
FaM acid (wl/o) Col2ra oil 
Caproic C6: 0 1.3 
Caprylic C8: 0 8.2 
Capric C10: 0 6.1 
Lauric C12: 0 48.0 
Myristic C14: 0 17.5 
Palmitic C16: 0 9.1 
Stearic C18: 0 2.3 
Oleic C18: 1 6.2 
Linoleic C 18: 2 1.9 
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Linolenic C 18: 3 
Viscosity of the oil at iodine value 9 at temperatures 40"C is 27mPa. s[20] 
Density of the oil = 0.91 when compared with diesel 0.85 , the density of the 
coconut oil appears to be slightly higher. 
Hydrocarbon Composition of Coconut oil and Fossil fuel 
Hydrocarbon composition 
Saturated 
Olefins 
Copra oil Fossil fuel[7] 
90 67 
1.2 0 
Aromatics 0 33 
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APPENDIX B 
Figure 6.1 S. 1.1 b Cylinder head showing the deposits after 200 hours for COEL 
Figure 6.15.1.1c Compares injector nozzles with an unused one after 200 hours 
of engine testing with COEL 
Figure 6.15.1.2a Cylinder liner showing the deposits after 200 hours for COIL 
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Figure 6.15.1.3a Piston top showing the deposits after 200 hours for COEL 
Figure 6.15.1.3b Piston showing the deposits after 200 hours for COILL 
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APPENDIX C 
REDWOOD OILSCAN 
CONDITION MONITORING It THROUGH OIL ANALYSIS 
Laboratory Number : 35767 Report Date : 05.10.98 
Sample Source: UNUSED 
Reference SNAP SHOT 
Make 97018021 
Model 0012 
Oil in Use : SHELL ROTELLA X 20W/20 
SAMPLE DETAILS 
------------------------------ 
SAMPLE NUMBER UNUSED 
SAMPLE DATE 
UNIT LIFE 
OIL LIFE 
Physical Properties 
Viscosity @ 100C Cst 8.6 
TBN (D2896) mg KOH/g 10.2 
TAN (D664) mg KOH/g 3.54 
Water Content (%wt) <0.05 
Sooty Insolubles ( Nýt) 0.1 
Dispersancy (Y. -) 96 
Spectrochemical Analysis - PPM 
------------------------- Iron ----- 0 
Lead 0 
Copper 0 
Chromium 0 
Aluminium 1 
Nickel 0 
Si Iver 0 
Tin 0 
Silicon 4 
Boron 172 
Sod i um 0 
Phosphorus 1050 
Zinc 1280 
Calcium 1700 
Barium 0 
Magnes i um 998 
Titanium 0 
Molybdenum 0 
Vanad i um 0 
DIAGNOSTIC COMMENTS 
------------------------------------ 
SYMPTOMS : "For Reference Only". 
PLEASE NOTE : The Snapshot Service provides analysis 
of "one-off" samples. Our win service, the Redwood 
Oilscan service, is a Lube Oil Monitoring service. 
Using a maintainance programme where samples are 
taken from your equipment at regular intervals and 
forwarded for analysis we can alert you to machine 
problems before they become serious. 
DIAGNOSTICIAN: 
SGS REDWOOD (LTIC) LTD 
Rossi-nore Business Park, Ellesmere Port, South, Wirr-ai Cheshire L65 3EN 
TeTe-r)I--i(o-nj. '6ý11 350 631 Facsimile: 0151 350 6610 
, ot -Lor-: y'ý -sults and mcontrnendations 
depends on the laboratory receiýing a 
reprewnutive od sample and conruct data an 
Wh oil and Unit- This report is not an 
endorsement of mcommcndition of any pmduc 
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REDWOOD OILSCAN 
ONDITION MONITORING It THROUGH OIL ANALYSIS 
Laboratory Number : 35765 Report Date : 05.10.98 
Sample Source: 1/42/33/020 
Reference : SNAP SHOT 
Make : 97018021 
Model : 0012 
Oil in Use : SHELL ROTELLA X 20W/20 
SAMPLE DETAILS 
------------------------------ 
SAMPLE NUMBER 'A' 
SAMPLE DATE 
UNIT LIFE 
OIL LIFE 
Physical Properties 
Viscosity @ 100C Cst 
TBN (D2896) mg KOH/g 
TAN (D664) mg KOH/ 
Water Content (N. tý 
Sooty Insolubles (? -. wt) 
Dispersancy (? -. ) 
9.1 
10.5 
4.68 
<0.05 
0.7 
99 
Spectrochemical Analysis - PPM 
Iron 21 
Lead 6 
Copper 10 
Chromium 4 
Aluminium 4 
Nickel 0 
Si Iver 0 
Tin 0 
Silicon 5 
Boron 156 
Sod i um 0 
Phosphorus 1020 
Zinc 1240 
Calcium 1710 
Bar i um 0 
Magnes i um 995 Titanium 0 
MolYbdenum 0 
Vanadium 0 
DIAGNOSTIC COMMENTS 
------------------------------------ 
SYMPTOMS : No attempt has been made to interpret the 
significance of these Sample Results. They are 
provided, as requested, for your information only. 
PLEASE NOTE : The Snapshot Service provides analysis 
of "one-off" samples. Our main service, the Redwood 
Oilscan service, is a Lube Oil Monitoring service. 
Using a maintainance programme where samples are 
taken from your equipment at regular intervals and 
forwarded for analysis we can alert you to machine 
problems before they become serious. 
DIAGNOSTICIAN: 
SGS REDWOOD (UK) LTD 
Rossmore Business Park, Ellesmere Port, SOLIth, Wirral Cheshire L65 3EN 
IfttcVfturM---OTTr7-'Vý6 31 Facsmiile: 0151 350 6610 
-l*rtv'Icctr, -- u. r'esults and ýornmendjt-rý 
dcpýnt! 5 on Lhe lafýrjtury -ý-riving a 
rcprcýntau%v oil samplt and currect LIaLa un 
both oil a-,, d unit, This report is not an 
endoýrýx or reconiffwnd2tton of any product. 
SKULO/K-05 003 1 
REDWOOD OILSCAN 
CONDITION MONITORING 16 THROUGH OIL ANALYSIS 
Laboratory Number : 35766 Report Date : 05-10-98 
Sample Source: 1/42/33/020 
Reference : SNAP SHOT 
Make : 97018021 
Model : 0012 
Oil in Use : SHELL ROTELLA X 20W/20 
SAMPLE DETAILS 
------------------------------ 
SAMPLE NUMBER 'B' 
SAMPLE DATE 
UNIT LIFE 
OIL LIFE 
Physical Properties 
Viscosity @ IOOC cst 
TBN (D2896) mg KOH/g 
TAN (0664) mg KOH/g 
Water Content (Nt) 
Sooty Insolubles ( Ut) 
Dispersancy (? -*) 
DIAGNOSTIC COMMENTS 
------------------------------------ 
SYMPTOMS : No attempt has been made to interpret the 
significance of these Sample Results. They are 
provided, as requested, for your information only. 
9.4 
11.4 
4.40 
<0.05 
0.7 
98 
Spectrochemical Analysis - PPM 
------------------------------ 
Iron 
Lead 
Copper 
Chromium 
Aluminium 
Nickel 
Si lver 
Tin 
Silicon 
Boron 
Sod i um 
Phosphorus 
Zinc 
Calcium 
Barium 
Magnesium 
Titanium 
Molybdenum 
Vanadium 
PLEASE NOTE : The Snapshot Service provides analysis 
of "one-off" samples. Our main service, the Redwood 
Oilscan service, is a Lube Oil Monitoring service. 
Using a maintainance programme where samples are 
taken from your equipment at regular intervals and 
forwarded for analysis we can alert you to machine 
problems before they become serious. 
34 
15 
19 
7 
6 
0 
0 
0 
12 
176 
0 
1080 
1330 
1850 
0 
1080 
0 
0 
0 
DIAGNOSTICIAN: 
SGS REDWOOD (UK) LTD 
Rossmore Business Park, Ellesmere Port, South, wiml Cheshire L65 3EN 
-TL-teu1iUfTU-UT5-F'35Q 6631 Facsimde: 0151 350 6610 
11, ý -ýý ,- zsul" and 
rQconwacriclatiom 
dýpend, on tht tjbu,, tor)! , ý,: ýMnga 
ýprc-nutive oil sampic and correct duta on 
Iýoih oil and unit- This rcport is nor in 
endors, nwnt or rccommen4ation of any pruc! Lm 
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